
brain
sciences

Review

Molecular Biomarkers in Fragile X Syndrome

Marwa Zafarullah 1 and Flora Tassone 1,2,*
1 Department of Biochemistry and Molecular Medicine, University of California Davis, School of Medicine,

Sacramento, CA 95817, USA; mzafarullah@ucdavis.edu
2 MIND Institute, University of California Davis Medical Center, Sacramento, CA 95817, USA
* Correspondence: ftassone@ucdavis.edu; Tel.: +1-(916)-703-0463

Received: 7 March 2019; Accepted: 24 April 2019; Published: 27 April 2019
����������
�������

Abstract: Fragile X syndrome (FXS) is the most common inherited form of intellectual disability (ID)
and a known monogenic cause of autism spectrum disorder (ASD). It is a trinucleotide repeat disorder,
in which more than 200 CGG repeats in the 5’ untranslated region (UTR) of the fragile X mental
retardation 1 (FMR1) gene causes methylation of the promoter with consequent silencing of the gene,
ultimately leading to the loss of the encoded fragile X mental retardation 1 protein, FMRP. FMRP is
an RNA binding protein that plays a primary role as a repressor of translation of various mRNAs,
many of which are involved in the maintenance and development of neuronal synaptic function and
plasticity. In addition to intellectual disability, patients with FXS face several behavioral challenges,
including anxiety, hyperactivity, seizures, repetitive behavior, and problems with executive and
language performance. Currently, there is no cure or approved medication for the treatment of the
underlying causes of FXS, but in the past few years, our knowledge about the proteins and pathways
that are dysregulated by the loss of FMRP has increased, leading to clinical trials and to the path
of developing molecular biomarkers for identifying potential targets for therapies. In this paper,
we review candidate molecular biomarkers that have been identified in preclinical studies in the FXS
mouse animal model and are now under validation for human applications or have already made
their way to clinical trials.

Keywords: fragile X syndrome; molecular biomarkers; FMR1; FMRP; intellectual disability; Fmr1 KO
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1. Introduction

A biomarker is “a characteristic that is objectively measured and evaluated as an indicator
of normal biological processes, pathogenic processes, or pharmacologic responses to a therapeutic
intervention” [1]. Biomarkers can be found in blood, plasma, or other tissues and are generally viewed
as a molecular signature able to identify individuals who are at high risk for a specific condition.
They can also be detected before disease symptoms and therefore used to predict the occurrence of
a condition or the nature and severity of disease outcomes in an individual. Importantly, they can be
used to evaluate the efficacy of response to pharmacological intervention.

Fragile X syndrome (FXS) is the most prevalent inherited cause of intellectual disability and
the single leading monogenic known cause of autism, as 60% of those with a full mutation present
with autism spectrum disorder (ASD) [2]. The clinical symptoms include anxiety, impairment in
cognitive, executive and language performance, hyperactivity, impulsivity, insomnia, seizures and
physical features such as hypotonia, flat feet, hyperextensible joints, and macroorchidism [3]. FXS is
caused by the abnormal expansion, greater than 200 units of a naturally occurring CGG repeat in
the 5’ untranslated region (UTR) of the fragile X mental retardation 1 (FMR1) gene, located on the X
chromosome. This expansion, named full mutation, results in hypermethylation and transcriptional
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silencing of the gene, leading to the loss or reduction of fragile X mental retardation 1 protein (FMRP)
expression and to the diagnosis of fragile X syndrome [4–6]. Individuals carrying expansion of 55–200
CGG repeat are premutation carriers and at risk of developing the late-onset neurodegenerative
syndrome, fragile X-associated tremor/ataxia syndrome (FXTAS), the fragile X-associated primary
ovarian insufficiency (FXPOI) [7] and the fragile X-associated neuropsychiatric disorders (FXAND) [8].

FMRP is an RNA-binding protein and a translational regulator, whose function affects synaptic
plasticity, spine morphology, and several cellular signaling pathways. Reduced expression of FMRP
leads to the abnormalities in neurodevelopmental processes and the disturbed neuronal communications
observed in FXS [9]. Young adults and adolescents with FXS show neuroanatomical abnormalities [10],
and the regions of the brain that are significantly impacted by the loss of FMRP are the hippocampus
(a structure that plays a critical role in the learning and memory and the regulation of mood and
cognition [11]), the cerebellum, and the basal forebrain (nucleus basalis) [12]. Several studies in the
Fmr1 knockout (KO) mouse model suggest that FMRP plays a critical role during specific periods
of cortical development with regional brain volume changes occurring in adult mouse brain [13,14].
Brain volume changes have also been observed in children with FXS, specifically in the temporal lobe,
cerebellum, caudate nucleus, and amygdala regions of the brain [15,16].

FMRP function appears to be mostly inhibitory as it prevents the activity of various biochemical
pathways in a “controlled” manner [17]. In a sense, reduced FMRP leads to exaggerated or reduced
biochemical reactions that can adversely affect neural function. The past two decades of research have
shown defects in the central excitatory glutamatergic and inhibitory GABAergic pathways and in several
other neurotransmitter systems including serotonin and dopamine [18,19]. Thus, the development of
molecular measures that reflect the impact of a drug on one or more of the FMRP-regulated pathways
(Figure 1), including the activity or the expression level of proteins in the translational activation pathway
and particularly of those regulated by FMRP, could potentially act as molecular biomarkers for FXS.
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Figure 1. Potential therapeutic targets for fragile X syndrome (FXS). Diagram of the mechanisms
implicated in FXS leading to altered synaptic plasticity. The figure also shows the molecular pathways
targeted or understudy, for the reversal of cognitive and behavioral impairments in FXS patients. Several
types of drugs, modulators, and compounds (inhibitor, agonist, and antagonist) can interfere with
different pathways disturbed in FXS and have been used in a number of pharmacological treatments
some of which are currently under investigation and are indicated in the figure.
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The Fmr1 knockout (KO) mouse model [20], lacks a functional FMR1 gene and therefore does not
express FMRP. Many studies have shown that the Fmr1 KO mouse presents with some phenotypes that
resemble the human disorder, including biochemistry [21], electrophysiology [22], neuropathology [23],
and spine morphology [24]. Although the observed patterns of brain activity, including audiogenic
seizures, are similar to those in individuals affected by FXS [25], these mice poorly mimic human
behavior. Indeed, the strains of the Fmr1 KO mouse that are often used to test drugs for FXS do not
show the cognitive problems seen in patients with FXS [26]. Nevertheless, a large body of literature on
the Fmr1 KO mouse has paved the way to preclinical studies which have shown to rescue several of
the FXS phenotypes [27] and have ultimately led to clinical trials in patients with FXS.

Hope has been tempered by the lack of translating the positive results observed in the Fmr1
KO mouse model into therapy in a clinical setting. Currently, nonpharmacological and behavioral
treatments are symptomatic, and they can be coupled with pharmacological treatments of anxiety,
aggression, and attention deficit hyperactivity disorder (ADHD).

To date, there is no cure for FXS, and the recent failures of multiple clinical trials have highlighted
the need for the development and validation of new biomarkers to better measure the clinical outcome
of these treatments [28,29]. Many studies aimed to a better understanding of the underlying molecular
mechanisms and pathways involved in FXS have led to the development of specific biomarkers for
defining targeted therapeutic strategies intended to reverse the intellectual and behavioral problems
of patients with FXS. In this paper, we will review the proposed candidate molecular biomarkers
(Figure 2) that have been identified in Fmr1 KO mouse as an early sign of drug promise and in some
cases, later moved to a clinical trial in patients with FXS.
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Figure 2. Candidate molecular biomarkers for FXS include a number of targets and substrates of
several signaling pathways, in addition to fragile X mental retardation 1 (FMR1) molecular measures and
metabolites, of which expression levels or activity have been found dysregulated in FXS animal models
and in human FXS tissues. Fmr1 mRNA and fragile X mental retardation 1 protein (FMRP) expression, de
novo protein synthesis, γ-aminobutyric acid (GABA) receptors (GABAA and GABAB), phosphoinositide
3-kinase (PI3K), extracellular-regulated kinase (ERK), matrix metalloproteinase-9 (MMP-9), brain-derived
neurotrophic factor (BDNF), mammalian target of rapamycin (mTOR), p70 ribosomal S6 kinase (S6K1),
ion channels (KNa, BKCa, CaV, Kv, HCN1), bone morphogenetic protein receptor Type 2 (BMPR2),
Diacylglycerol Kinase Kappa (Dgkκ), endocannabinoid system (eCS), amyloid-β protein precursor (APP),
microRNA’s (miRNA’s), striatal-enriched protein tyrosine phosphatase (STEP), glycogen synthase kinase-3
(GSK-3) cytokine and chemokine profiles, metabotropic glutamate receptor (mGluRs).
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2. FMR1 Molecular Measures

FMR1-related measures, including CGG repeat number, percent of methylation, FMR1 mRNA
and FMRP expression levels have been correlated to neurocognitive and social–affective functioning
assessments and mental health problems in individuals with FXS [30–38]. The magnitude of the
observed correlations generally suggests that these molecular biomarkers are likely accounting only
for a proportion of the phenotypic variability of this disorder.

Variation in CGG repeat size and methylation, so-called mosaicism, could be a useful biomarker
of various types of risks that could affect subjects with FXS. Mosaicism defines differences in gene
expression between those with fully hypermethylated FMR1 alleles and those carrying unmethylated
alleles, and ultimately reflects the levels of expression of FMR1 mRNA and FMRP. Generally, mosaicism
refers to the presence of a full mutation allele(s) and a premutation allele (size mosaicism) or the
presence of a full methylated allele(s) and unmethylated alleles (methylation mosaicism), throughout
the CGG repeat size range.

Sex differences undoubtedly contribute to the severity of the FXS phenotype; indeed, intellectual
and developmental disability is observed in 85% of males and only in 25% of females [27,39,40].
In females, who have two X chromosomes, the process of X inactivation, early during embryonic
development, leads to methylation and therefore inactivity of one X chromosome in each cell.
However, due to the presence of the chromosome carrying the normal allele, the impact of the FMR1
mutation in females is reduced relative to males, who have only one X chromosome [41]. The relative
proportion of the normal allele on the active and inactive X chromosomes, so-called activation ratio
(AR), has shown to contribute to differences in affectedness among females, making the AR a useful
biomarker for determining the severity of the phenotype. It should be noted that since X inactivation
is a random process, it could be different in different tissues, such as blood and brain [42–44].

3. Metabotropic Glutamate Receptors (mGluRs)

The “mGluR theory of FXS” states that the absence of FMRP leads to excessive metabotropic
glutamate receptors (mGluRs, mGluR1 and mGluR5) activated long-term depression (LTD) and
reduced responsiveness to signals in the hippocampus and other parts of the brain involved in
memory and learning. Together, they are contributing to the neurological and psychiatric symptoms of
FXS [45–47]. Reduction of mGluR signaling has demonstrated a reversal of the fragile X phenotypes
providing substantial support to the involvement of the mGluR5 pathway in FXS [48]. For more than
a decade, our understanding of the molecular pathophysiology of FXS has been substantially advanced
by the corroboration of “mGluR theory of FXS” in a wide range of experiments with a number of
different mGluR5 inhibitors tested in both the Fmr1 KO mouse [49–53] and in the Drosophila models
of FXS [54–62]. Fmr1 mutant mouse with a 50% reduction in mGluR5 expression was generated to
demonstrate that a range of FXS phenotypes could be corrected by downregulating signaling through
group 1 mGluRs [45]. Their findings showed that the decrease in mGlu5 expression levels from
early embryonic development effectively prevented the onset of a broad range of FXS phenotypes,
including audiogenic seizures, increased basal protein synthesis, spine density, although no effect on
macroorchidism was observed.

MPEP (2-methyl-6-phenylethynyl-pyridine) was the first mGluR5-antagonist tested in the Fmr1
KO mouse, which demonstrated rescue of behavioral defects, including open field performance [63],
the rescue of the spine/filopodia ratio in Fmr1 KO neurons to the levels observed in wild-type
neurons [64]. Further, MPEP treated Fmr1 KO mouse showed improved behavior by significantly
fewer errors, less perseveration, and impulsivity when navigating mazes, in addition to reverse
postsynaptic density-95 (PSD-95) protein deficits which, if confirmed, could be considered a molecular
biomarker [65]. Finally, MPEP prevented an abnormal clustering of DHPG (group I mGluR agonist
(S)-3,5-dihydroxyphenylglycine) responsive cells (responsible for activation of ionotropic receptors in
mouse FXS neurospheres) and corrected morphological defects of differentiated cells [66].
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Similarly, a study on chronic treatment of Fmr1 KO mouse with the long-acting mGlu5 inhibitor
2-chloro-4-((2,5-dimethyl-1-(4-(trifluoromethoxy)phenyl)-1H-imidazol-4-yl)ethynyl) pyridine (CTEP),
fully corrected numerous phenotypes including the increased synaptic spine density, protein synthesis
rate, aberrant synaptic plasticity, learning and memory deficits, increased body growth rate,
and sensitivity to audiogenic seizures. In addition, this study shows a reduction of both extracellular
signal-regulated kinase (ERK) activity and mTOR phosphorylation levels in the Fmr1 KO but not
in wild-type (WT) animals, suggesting that they could represent potential biomarkers in FXS [53].
These studies have shown that the long-term, uninterrupted mGluR5 inhibition is essential for a
successful pharmacological intervention as a single dose of the mGluR5 inhibitors was not sufficient
to correct the mouse phenotypes. [50,53]. One of the potential molecular mechanisms for mGluR5
dysfunction in FXS is the decreased association of mGluR5 with the Homer family of scaffolding
proteins. Indeed, genetic deletion of H1 (an activity-inducible isoform of Homer1) restored regular
mGluR5-long Homer association in the Fmr1 KO and corrected much of the mGluR5 dysfunction as
well as behavioral phenotypes, including anxiety and audiogenic seizures [67]. Further, the disruption
of mGluR5-Homer resulted in phenotypes of FXS including reduced mGluR5 association with the
postsynaptic density, deficits in agonist-induced translational control, protein synthesis-independent
LTD, neocortical hyperexcitability, audiogenic seizures, and altered behaviors, such as anxiety and
sensorimotor gating [68].

The Drosophila genome encodes only a single mGluR (DmGluRA), compared to the eight separate
receptors in mammals [69]. The simplicity of the Drosophila system, coupled with the evolutionary
conservation of the activation pathways, has provided an excellent model to test the mGluR hypothesis.
Treatment with lithium and MPEP restored normal courtship behavior, mushroom, body defects,
and short-term memory, but not β-lobe crossing, suggesting that other morphological abnormalities
are responsible for the memory defects [54,70].

Molecular analyses reveal an inverse relationship between dFMRP and DmGluRA, with the
latter overexpressed in dFmr1 null animals and dFMRP overexpressed in DmGluRA nulls [57].
The DmGluRA null also shows more striking defects in activity-dependent synaptic function, including
high transmission amplitudes during high-frequency stimulation and abnormally strong hyper
potentiation following high-frequency stimulation [57,58]. The successful unbiased screen for small
molecules that can rescue the lethality of glutamate-treated larvae and adults dFmr1 mutants, using the
mGluR5 noncompetitive antagonist MPEP or LiCl has been reported to rescue naïve courtship behavior,
immediate recall memory, and short-term memory of dFmr1 mutants [56,59]. The compelling results
of these preclinical studies, showing evidence of benefits in rodent and Drosophila disease models,
have prompted the application of mGlu5 inhibitors as potential target treatments in human clinical
trials for FXS. Thus, clinical trials in FXS patients have been conducted to explore the safety, tolerability,
and efficacy of a number of different mGluR5 antagonists.

Fenobam [71], the first mGlur5 antagonist drug evaluated in a single-dose open-label study
of 12 male and female adults with FXS (mean age 23.9 years), showed trends of improvement in
a prepulse inhibition deficit relative to controls who did not receive the drug [72]. Subsequently,
in an exploratory study, the efficacy of mavoglurant (AFQ056) [73] was tested in a randomized
double-blind crossover study of 30 FXS males. In this study, seven patients with a hypermethylated full
mutation with no detectable FMR1 mRNA expression, improved stereotypic behavior, hyperactivity, and
inappropriate speech, while no improvement found in 18 patients with partial promoter methylation [74].
Thus, it appears that those with full methylation responded best, whereas those who were mosaics
with partial methylation had a variable response with a lack of overall efficacy in that group.
Although methylation is often regarded as a biomarker, results to date do not explain why some of
those with lack of methylation responded and others did not [74]. In addition, the reported behavioral
effects of stereotypic behavior, hyperactivity, and inappropriate speech were not replicated with FXS
male and female adolescents and adults either full or partial FMR1 methylation in subsequent 12-week
double-blind mavoglurant studies [75].
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Similarly, extensive proof of concept study was conducted with basimglurant, a potent and
selective mGluR5-negative allosteric modulator (NAM) [76,77] and mavoglurant in male and female
adults with FXS. In spite of their promising results in preclinical studies [77–80] these studies ended
because no improvement in the clinical phenotype of patients enrolled in the clinical trials using
these modulators were observed [29,81,82]. Recently, in a phase 2 12-weeks double-blind clinical
trial, basimglurant did not demonstrate improvement over placebo in a parallel-group study of
183 adults and adolescents (aged 14–50, mean 23.4 years) with FXS [83]. Later, the study reported the
long-term safety and efficacy of mavoglurant in the two open-label extensions in adolescent (n = 119,
aged 12–19 years) and adult (n = 148, aged 18–45 years). In both studies, mavoglurant was well
tolerated, and moderate behavioral improvements were observed in FXS as compared to the placebo
control group. Thus, the compelling preclinical evidence for the therapeutic potential of mGlu5
inhibitors in the mouse and the Drosophila disease models has not translated in the anticipated benefits
and improvement of the phenotype in FXS patients [84].

4. γ-Aminobutyric Acid (GABA) Receptors

GABA is the most prominent inhibitory neurotransmitter that acts through three receptors
in the brain. GABAA receptors are ligand-regulated chloride channels that upon activation cause
hyperpolarization in mature neurons; GABAB receptors are heterodimeric G protein-coupled receptors
(GPCRs) which are mostly expressed presynaptically in the brain; and, GABAC is CYS-loop ligand-gated
ion channels receptors with a similar pentameric structure to GABAA but are homomeric. FMRP
directly binds several GABAA receptor (α1, α2, α3, δ, and γ2) mRNAs of which expression is reduced
in the cortex and cerebellum of young Fmr1 KO mouse. Thus, the mRNA expression level of these
subunits could be used as biomarker; however, they have not been studied in clinical trials for FXS
with any GABA agonists [85]. The introduction of a yeast artificial chromosome (YAC) containing the
“healthy” human FMR1 genomic region into Fmr1 KO mouse rescued the expression of these specific
subunits of GABAA receptors [86]. A recent electrophysiological study supported the notion that the δ

subunit of the aminobutyric acid type A receptors (GABAARs) is compromised in the Fmr1 KO mouse,
by reporting a 4-fold decrease in tonic inhibition [87].

The delay in switching from depolarizing to hyperpolarizing GABA has also been observed
in the cortex of Fmr1 KO mouse during development [88]. Moreover, the oxytocin-mediated,
GABA excitation–inhibition shift that occurs in newborn rodents during delivery is absent from the
hippocampal neurons of Fmr1 KO mouse. As a result, the hippocampal neurons have elevated intracellular
chloride levels, increased excitatory GABA, enhanced the glutamatergic activity, and elevated gamma
oscillations [89].

In a study, the response of the FXS neurons (differentiated in vitro from human embryonic stem
cells lacking synaptic activity) has been investigated by pulse application of the neurotransmitter GABA.
The results confirmed that human FXS neurons do not respond to GABA as FMRP plays a role in the
development of the GABAergic synapse during neurogenesis, and that might be one of the potential
reasons of the observed default synaptic activity in FXS patients. [90]. Some GABA agonists have
been used in the Fmr1 KO mouse to rescue behavioral abnormalities. The primary neuron excitability
deficits in the amygdala of the Fmr1 KO mouse was restored by gaboxadol (THIP), a GABAA receptor
agonist, which also improved some specific behavioral characteristics, including hyperactivity and
auditory seizures [91]. The treatment of the Fmr1 KO mouse with bumetanide (specific NKCC1 chloride
importer antagonist) normalized electrophysiological abnormalities in the mutant offspring as well
as hyperactivity and autistic behaviors [89]. Finally, arbaclofen, a GABAB agonist, improved protein
synthesis, the abnormal auditory-evoked gamma oscillations, working memory and anxiety-related
behavior in Fmr1 KO mouse [92–94].

Thus, these findings from different studies in the FXS animal models confirmed that GABA
receptors are suitable targets for target treatment in FXS [18,39,95–103]. Indeed, two phase 3
placebo-controlled trials were conducted (with subjects aged 12–50 and in subjects aged 5–11) to
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determine the safety and efficacy of arbaclofen for improving social behavior in FXS patients. Although,
arbaclofen did not meet the primary outcome measures of improved social avoidance in FXS in either
study [104], in a double-blind placebo-controlled crossover trial [105], improved social function and
behavior were reported in FXS patients. Acamprosate, which activates GABAB and GABAA receptors,
also improved several phenotypes like cortical upstate duration, behavioral improvement, anxiety,
locomotor tests in Fmr1 KO mouse and reduced ERK1/2 activation in brain tissue [106]. Acamprosate
has also been tested in an open-label 10-week trial of 12 young children aged 6–17 years with FXS. It was
found safe and well-tolerated and resulted in better social behavior and reduced hyperactivity [107].
Ganaxolone is a neurosteroid and a positive GABAA modulator that rescued several phenotypes in
the Fmr1 KO mouse, like increased marble-burying assay, sensory and sensorimotor gating in the
acoustic startle response, and prepulse inhibition [86]. Tested in a recent randomized double-blind
placebo-controlled crossover trial in children with FXS, aged 6–17, years, ganaxolone was found to
be safe and have beneficial effects in some patients, particularly for those with higher anxiety or
lower cognitive abilities [108]. These preclinical and clinical studies strengthen the hypothesis of
GABA receptors involved in the pathology of FXS and as they are the major inhibitory receptors in the
brain, they point to the therapeutic potential of the GABA receptor particularly for the behavioral and
epileptic phenotypes associated with fragile X syndrome.

5. De Novo Protein Synthesis

Synaptic strength plays a crucial role in learning and memory and it is compromised in many
neurodevelopmental disorders. One of the molecular mechanisms that regulate spine morphology,
and therefore synaptic strength, is local de novo protein synthesis that enables synapses to alter their
function and structure autonomously [109]. FMRP, an RNA binding protein which acts as a translational
repressor of many synaptic proteins, is crucial in regulating this process, and the partial or complete
lack of FMRP in FXS leads to increased protein translation at the synapses. The metabotropic glutamate
receptor subtype 5 (mGluR5) theory of FXS also indicate that the imbalance of mechanisms involved in
synaptic shaping and protein translation are responsible for many of the symptoms observed in FXS
patients [49]. The lack of FMRP also leads to a loss of translational control and to increased rates of
cerebral protein synthesis (rCPS) in some regions of the brain including the hippocampus, thalamus,
and hypothalamus of the Fmr1 KO mouse model of FXS [110].

Fibroblasts from FXS patients also showed significantly elevated rates of basal protein synthesis
along with increased levels of the phosphorylated target of rapamycin (p-mTOR), phosphorylated
extracellular signal-regulated kinase 1

2 (ERK1/2), and phosphorylated p70 ribosomal S6 kinase
1 (p-S6K1) [111]. Similarly, a recent study reported that the level of protein synthesis increased in
fibroblast cell lines derived from individuals with FXS and from Fmr1 KO mouse. However, this cellular
phenotype displayed a broad distribution with a proportion of individuals with FXS and in the Fmr1
KO mouse, showing a basal de novo protein synthesis within the normal range. These findings
indicate that the molecular mechanisms that control protein synthesis are the primary targets in
FXS. However, altered protein synthesis may not be the cause of all symptoms observed in FXS
and, therefore, those with normal levels of protein synthesis are not likely going to benefit from
target treatments aimed to lower protein synthesis [112]. Thus, de novo protein synthesis could be a
very useful biomarker to predict phenotypic subgroups, symptoms severity, and treatment response.
Further, as the treatment of fibroblast cells derived from FXS patients, with small molecules that block
S6K1 and phosphoinositide 3-kinase (PI3K) catalytic subunit p110β, decreased the rates of protein
synthesis in both control and patient fibroblasts; the role of these targets as a potential biomarker
should be considered [111]. FXS subjects, under propofol sedation, showed a reduced rCPS in whole
brain, cerebellum, and cortex compared to sedated controls. Similar results have been observed in most
regions examined in sedative Fmr1 KO mouse as compared to the WT mouse suggesting that changes
in synaptic signaling can correct increased rCPS in FXS [113]. Chronic dietary lithium treatment also
demonstrated to be efficacious in reversing the increased rCPS in the Fmr1 KO mouse [114].
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Some studies have shown that the mechanisms regulating the levels of protein synthesis,
can be restored by reducing the mGluR5 signaling genetically or with pharmacological
treatments [46,53,100,115–118]. Moreover, haploinsufficiency of mGluR5, reduction of MMP9,
of striatal-enriched tyrosine phosphatase (STEP) signaling, or of S6K signaling can not only restore
the levels of protein synthesis but also restore the synaptic and behavioral phenotypes in the FXS mouse
model [50,119–126]. Recently, a study showed that treatment of the Fmr1 KO mouse with a cell-permeable
peptide able to modulate ADAM metallopeptidase domain 10 (ADAM10) activity and amyloid-β protein
precursor (APP) processing, restored protein synthesis to the wild-type (WT) level [127].

These preclinical and clinical studies suggest that basal protein synthesis could be considered as
a potential biomarker and a molecular hallmark for FXS, but unfortunately, replicating this optimal
translational scenario into reality has not been fully successful [27]. The extent to which excessive
protein synthesis associated with cognitive and behavioral impairments also remained unknown.
More importantly, none of the human studies have shown an effect on the primary outcome measures
which were mainly behavioral questionnaires in children, adolescents, or adults with FXS [74,104,105].
Finally, although FMRP modulates protein synthesis, there are other factors (environmental and genetic)
that may contribute to the modulation of homeostasis of molecules involved in synaptic plasticity.

6. Phosphoinositide 3-Kinase (PI3K)

Phosphoinositide 3-kinase (PI3K) is the signaling molecule involved in cell motility, survival, growth,
and proliferation. PI3K class I catalytic subunits, p110α, p110β, p110γ, and p110δ, have their specific
dysregulation in FXS [128]. FMRP regulates the synthesis and synaptic localization of p110β, which is a
crucial signaling molecule downstream of group 1 metabotropic glutamate receptor (gp1 mGluRs) and
other membrane receptors. Lack of FMRP in the Fmr1 KO mouse leads to excess mRNA translation and
synaptic protein expression of p110β [123]. Treatment with a p110β-selective antagonist was effective in
rescuing the excess of protein synthesis in the Fmr1 KO mouse synaptoneurosomes and in lymphoblastoid
cells derived from FXS patients [123,129]. Further, a prefrontal cortex (PFC) selective knockdown of
p110β, reversed deficits in higher cognition, normalized excessive PI3K activity, restored stimulus-induced
protein synthesis, and corrected increased dendritic spine density in the Fmr1 KO mouse [130,131].
Thus, PI3K activity in patient cells might be a biomarker and could be used to assess the efficacy of drug
response in target treatment in FXS.

7. Mammalian Target of Rapamycin (mTOR) and Substrate p70 Ribosomal S6 Kinase (S6K1)

Mammalian target of rapamycin (mTOR) is a 289 kDa serine/threonine kinase protein that
controls various energetic functions at both the cellular and organism level and an essential regulator
of cell proliferation, autophagy, translation, and growth. In neuronal cells, protein synthesis
plays a fundamental role in the regulation of lasting alterations in synaptic strength or plasticity,
and of long-term potentiation (LTP), processes that are important in learning and memory [132,133].
The components of the mTOR signaling cascade, which is involved in protein synthesis-dependent
phase of synaptic strengthening, are present in dendrites suggesting a role for mTOR in local translation
and synaptic plasticity. mTOR is activated in dendrites by stimulation of group I mGluRs and it is
required for mGluR-LTD [134,135]. It has been reported that increased activity in these systems can
lead to repetitive and perseverative behavior patterns [132].

The best-characterized function of mTOR is the regulation of translation. mTOR regulates two
critical and core components of the translational initiation machinery, p70 ribosomal S6 kinase 1 and
2 (S6K1/2), and the eIF4E-binding proteins (4E-BPs), and it is also known to regulate the activity of
phosphatases such as protein phosphatase 2A (PP2A). These phosphatases, in turn, regulate mTOR
substrates, thereby generating mTOR-dependent feedback loops that control initiation rates. Increased
phosphorylation of (mTOR) substrate, p70 ribosomal subunit 6 kinase 1 (S6K1) along with the high
expression of mTOR regulator, and the serine/threonine protein kinase (Akt) was also observed in
lymphocytes and brain tissues derived from subjects with FXS [136].
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The enhanced mTOR signaling observed in the hippocampus of the Fmr1 KO mouse associates with
the increase eukaryotic initiation factor complex F4 (eIF4F) [137] and with the increased phosphorylation
of the cap-binding protein eukaryotic initiation factor 4E (eIF4E) [136] to further support the increased
protein synthesis observed in FXS. These findings, in both FXS mice and humans, are consistent with
the idea that the loss of FMRP results in the dysregulation of mechanisms of translational initiation
control rather than transcriptional regulation and provide the direct evidence that mTOR dysregulation
may be useful for designing targeted treatments in FXS [136]. Therefore, targets and substrates in the
mTOR signaling pathways can act as potential molecular biomarkers. Since the molecular signaling
effects resulting from FMRP loss are likely causal in the wide-range of the severity of the FXS symptoms,
including autism, identifying the effects of FMRP loss on molecular signaling pathways, like those
governing translation, is key to advancing our ability to treat the disorder.

Finally, metformin, a type 2 diabetes medication that can improve obesity and excessive appetite,
has emerged as a candidate drug for targeted treatment of FXS based on preclinical studies. These studies
have shown rescue of a number of FXS phenotypes including memory deficits, social novelty, grooming,
dendritic spine morphology, and electrophysiology in the CA1 of the hippocampus [138,139]. Metformin
suppresses mRNA translation via inhibition of ERK and mTOR pathways, which are overactive in FXS,
supporting their potential role as molecular biomarkers, and therefore, may contribute to normalizing
signaling pathways in the CNS of FXS patients. In humans, metformin has been used in the clinical
treatment of several individuals with FXS and showed benefits not only in lowering weight gain but
also in improving language and behavior [138]. Thus, metformin shows promises for targeting several
signaling pathways disrupted in FXS and possibly rescuing some of the clinical symptoms observed in
individuals with FXS. Interestingly, a double-blind placebo-controlled trial of metformin in individuals
with FXS is currently ongoing which will assess safety and benefit of metformin in the treatment of
language deficits, behavioral problems, and obesity in individuals with FXS.

8. Extracellular-Regulated Kinase (ERK)

The ERK pathway is a chain of proteins in the cell that acts as a nodal point for cell signaling
cascades. The absence of FMRP in Fmr1 KO mouse results in rapid dephosphorylation of ERK upon
mGluR1/5 stimulation suggesting that over-activation of phosphatases in synapses affects the synaptic
translation, transcription, and synaptic receptor regulation in FXS [53,119,140,141]. Delayed early-phase
phosphorylation of ERK is observed in both neurons and thymocytes of the Fmr1 KO mouse. Likewise,
the early-phase kinetics of ERK activation in lymphocytes from human peripheral blood is also delayed
in individuals with FXS, as compared to controls [142]. The correction of the delayed ERK activation
time, resulting in a faster activation, was observed after 2 months of treatment with lithium in a pilot
open-label trial in FXS or with riluzole treatment [143,144]. These findings, based on a small number
of subjects, suggest ERK activity as a potential biomarker for measuring the metabolic status of the
disease in FXS.

Recently, the significant FMRP-dependent over-activation of ERK was observed in both FXS mouse
and humans. ERK activity was normalized in FXS platelets [145], and correlated with clinical response
to lovastatin, pointing this inhibitor of ERK pathway signaling cascade as a promising treatment for
FXS [146]. The findings by Pellerin et al. [145] suggest that the use of platelet’s ERK activity represents
a new potentially interesting biomarker for future clinical trials. It may also pave the way for other
promising and very exciting discoveries that will eventually improve FXS patients’ assessment in
future clinical trials where either lovastatin or other ERK-targeting drugs is applied.

9. Matrix Metalloproteinase-9 (MMP-9)

FMRP deficit is associated with alterations in the expression of a number of proteins, including matrix
metalloproteinase 9 (MMP-9). MMP-9 is an extracellular operating Zn2+ dependent endopeptidase that
is expressed in neurons and locally translated and released at the dendrites in response to enhanced
neuronal activity driven by glutamate. MMP-9 plays an essential role in both establishing synaptic
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connections during development and in restructuring synaptic networks in the adult brain [147]. MMP-9
mRNA is part of the FMRP complex and localizes in dendrites. Translation of MMP-9 is increased
at synapses in Fmr1 KO mice suggesting its contribution to the aberrant dendritic spine morphology
observed in the Fmr1 KO mice and in FXS patients [148,149]. The genetic disruption of MMP-9 in the
Fmr1 KO mouse rescued key aspects of Fmr1 abnormalities, including abnormal mGluR5-dependent
LTD and dendritic spine abnormalities [150], providing evidence that MMP-9 is necessary to the
development of FXS-associated defects in the Fmr1 KO mouse. Interestingly, a high level of MMP-9
has been observed in the auditory cortex of adult Fmr1 KO mice and the deletion of MMP-9 reversed
the habituation defects [151]. A decreased MMP-9 activity in the hippocampus of the Fmr1 KO mouse,
dendritic spine maturation, improvement in anxiety, and strategic exploratory behavior were observed
after treatment with the antibiotic minocycline [152]. These findings prompted the use of minocycline as
a targeted treatment in humans with FXS through open-label trials which have demonstrated benefits
with improvements in language, attention, social communication, and anxiety [153,154]. More recently,
a controlled double-blind crossover study of minocycline for FXS treatment provided evidence for the
safety of minocycline and showed benefits in global functioning in children with FXS [155]. In addition,
as expected, the higher plasma activity of MMP-9 observed in FXS patients was lowered by minocycline
in some patients [156], as minocycline is known to be a MMP-9 inhibitor [152]. On the other hand,
no changes in plasma MMP 9 activity was found after treatment with sertraline [157], a selective
serotonin-reuptake inhibitor which selectively blocks the uptake of serotonin at the presynaptic
membrane, resulting in an increased synaptic concentration of serotonin in the central nervous system
(CNS), and therefore, to an intensified serotonergic neurotransmission. Interestingly, a reduction of the
MMP-9 levels was also reported in the Fmr1 KO mouse following metformin treatment [139]. The results
of the preclinical and clinical studies indicate that minocycline, through its mechanism of action as
an MMP inhibitor, may be an additional potential effective avenue as FXS therapeutic treatment and
MMP-9 activity, a potential biomarker in FXS.

10. Brain-Derived Neurotrophic Factor (BDNF)

Brain-derived neurotrophic factor is involved in the regulation of various processes of normal
neural circuit function and development. Dysregulation in BDNF/TrkB signaling in the Fmr1 KO
mouse leads to altered brain development, including excessive sponginess, dendritic arborization [158],
and impaired synaptic plasticity [159]. These neural alterations are promoted by activity-dependent
variation in the sensitivity to BDNF-TrkB signaling, compensating postsynaptic activity [158].

The effects of reduced BDNF expression on the learning and behavioral phenotypes, including
fear conditioning, pain behaviors, and hyperactivity, was examined in the Fmr1 KO mouse crossed
with a mouse carrying a deletion of one copy of the Bdnf gene (Bdnf+/−) [160]. The authors
reported age-dependent alterations in the expression of BDNF in the hippocampus, reduced locomotor
hyperactivity, deficits in sensorimotor learning, and startle responses typical of Fmr1 KO mice.
In addition, altered BDNF signaling in FMRP-deficient neural progenitor cells (NPCs) suggested that
perturbations of brain development in FXS occur at very early stages of development [161].

A single-nucleotide polymorphism (SNP) in the human BDNF gene, leading to a methionine
(Met) substitution for valine (Val) at amino acid 66, interferes with the intercellular trafficking and
the activity-dependent secretion of BDNF in cortical neurons. One study found that the Val66Met
BDNF polymorphism associates with epilepsy in a Finnish FXS male [162] but was not confirmed
in a group of 77 patients with FXS [157]. However, a significant association between the BDNF
polymorphism and improvements of several clinical measures was observed in a double-blind
randomized placebo-controlled clinical trial of sertraline in FXS aimed to determine the efficacy of
treatment in young children with FXS [157]. In addition, an open-label study showed a significant
increase in BDNF level after treatment with the GABAA agonist acamprosate [107]. Although more
studies are warranted, these findings point to BDNF genotype as a potential molecular biomarker
in FXS.
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11. Amyloid-β Protein Precursor and Amyloid-β (APP, Aβ)

FMRP protein binds to the coding region of the APP mRNA and results in increased translation of
the encoded product, the amyloid precursor protein (APP), which plays a vital role in the developing
brain during synapse formation, while β-amyloid (Aβ) accumulation, results in synaptic loss and
impaired neurotransmission. APP is processed by β- and γ-secretases to produce amyloid-β (Aβ),
which is the prominent peptide found in the case of Alzheimer’s disease (AD).

A study by Westmark et al. found a 1.7-fold increase APP expression in the Fmr1 KO mouse
versus WT using western blot analysis and showed that the genetic knockdown of one APP allele in the
Fmr1 KO mouse rescued the FXS phenotypes including anxiety, seizures, mGLuR-LTD, and the ratio of
mature versus immature dendritic spines [163]. APP and Aβwere evaluated as blood-based biomarkers
and in a prospective open-label trial of acamprosate in pediatric subjects with FXS-associated autism
spectrum disorder and found that acamprosate treatment significantly reduced sAPP and sAPPα [164].

Although blood levels of APP metabolites may not correlate with brain levels, which is one
of the limitations of these studies, altogether these findings support a role for dysregulated APP
production and processing in FXS and indicate that the APP metabolites may be viable biomarkers for
FXS treatment.

12. Additional Potential Biomarkers

12.1. Ion Channels (CaV)

Voltage-gated ion channels are involved in neural transmission and some recent past studies
showed their involvement in the FXS pathology [165]; more specifically, with the voltage-gated calcium
channels (VGCC) family, namely Cav2.1 and Cav2.2 [166]. Synaptic transmission depends critically on
presynaptic calcium entry via voltage-gated calcium (CaV) channels. FMRP regulates the expression of
neuronal N-type CaV channels (CaV2.2) [166] and dysregulated calcium homeostasis, in addition to the
decreased expression of the pore-forming subunit of the Cav2.1 channel, the Cacna1a gene, in Fmr1-KO
cultured neurons [167]. Their findings indicate that FMRP plays a key role in calcium homeostasis
during brain development; furthermore, the authors suggest that calcium homeostasis could be used
as a cellular biomarker and for the identification of new drugs for target treatment in FXS.

12.2. Glycogen Synthase Kinase-3 (GSK-3)

Glycogen synthase kinase-3 (GSK-3) is a serine/threonine protein kinase that, when phosphorylated,
regulates a variety of developmental processes, such as cell migration, cell morphology, neurogenesis,
and gliogenesis via interaction with a variety of signaling pathways [168]. The lack of FMRP results in
an abnormal increase in GSK-3β mRNA and protein levels in several regions of the brain [169] of the
Fmr1 KO mouse and in decreased hippocampal neurogenesis that likely contributes to the pathogenesis
of FXS [170].

Several studies have demonstrated that lithium treatment rescued the FXS-associated impairments
sustainable throughout the aging process in the Drosophila model of FXS [54,59]. In addition,
GSK-3 inhibitors and lithium treatment provided the direct evidence of GSK-3 involvement in the
pathology of FXS by reducing audiogenic seizure activity, improved performance on the open field
elevated plus maze and passive avoidance tests [171], improved social defects [172], rescue of the
hippocampus-dependent learning deficits [173], and improved cognitive deficits [174] in the Fmr1 KO
mouse. Additionally, the attenuation of reactive astrocytes, which has been observed in many brain
regions of the Fmr1 KO mouse with lithium treatment, provides further evidence of the involvement of
GSK-3 in FXS [175]. These findings raise the possibility that GSK-3 activity may represent a biochemical
mediator biomarker of impaired cognitive function in FXS and that modulators of its activity may
have potential as therapeutic agents [176].
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12.3. Striatal-Enriched Protein Tyrosine Phosphatase (STEP)

Striatal-enriched protein tyrosine phosphatase (STEP) is a brain-specific tyrosine phosphatase
that plays a significant role in the development of the CNS by regulating dendritic proteins
involved in synaptic plasticity [177,178]. STEP dysregulation is involved in the pathophysiology
of several neuropsychiatric disorders [179], including FXS, likely by dephosphorylating both
NMDARs and AMPARs [177]. While the enhanced activity of mGluRs in the absence of FMRP
upregulates the translation of STEP [178,180,181] in the hippocampus of the Fmr1 KO mouse,
genetic reduction of STEP significantly diminishes some FXS-associated behaviors in Fmr1 KO including
seizures and restores select social and nonsocial anxiety-related behaviors [181]. Benzopentathiepin
8-(trifluoromethyl)-1,2,3,4,5-benzopentathiepin-6-amine hydrochloride (known as TC-2153) is a newly
discovered STEP inhibitor [182]. A recent study [183] reported that this STEP inhibitor reduces
seizure incidence and hyperactivity, anxiety and improves sociability, electrophysiological deficits
in acute brain slices and spine morphology in Fmr1 KO mouse. These observations suggest that
STEP’s expression and activity could be useful for evaluating the clinical benefits of pharmacological
therapeutic approaches in FXS targeting STEP.

12.4. Plasma Cytokines and Chemokines

Cytokines are the most important mediators of cell–cell communication in the human immune
system. They perform a variety of functions like modulation of the central nervous system (CNS),
brain functioning, and responses to infections or injury. Significant differences in plasma cytokine
and chemokines levels were reported in patients with FXS including a high level of IL-1α, RANTES,
and IP-10 [184]. It is currently unknown if the changes in the cytokine and chemokines are determinant
in the development of FXS and if they occur throughout the lifetime of FXS patients, and therefore,
their potential use as biomarkers needs more investigation.

12.5. Diacylglycerol Kinase Kappa (Dgkκ)

Diacylglycerol kinase kappa (Dgkκ) is a master regulator that controls two critical signaling
pathways involved in protein synthesis. Lack of FMRP in the Fmr1 KO mouse neurons results in the
loss of Dgkκ expression along with mGluR1 receptor-dependent DGK activity, leading to synaptic
plasticity alterations, dendritic spine abnormalities, and behavior disorders. These findings support
the involvement of Dgkκ deregulation in FXS pathology and suggest that overexpression of Dgkκ in
neurons could rescue the dendritic spine defects of the Fmr1 KO mouse. Thus, DGKκ expression levels
could represent a biomarker and targeting DGKκ signaling might provide new therapeutic approaches
for FXS [185].

12.6. MicroRNAs (miRNAs)

MicroRNAs (miRNAs) are known as a class of small noncoding RNA molecules (19–23 nucleotides)
that regulate almost 30% of genes at the post-transcriptional level in eukaryotic organisms [186].
Several studies have provided evidence of miRNA involvement in the pathogenesis of FXS by
identifying and isolating several r(CGG)-derived miRNAs, including miR-fmr1-27 and miR-fmr1-42 in
the zebrafish FXS model [187,188]. Their brain exhibits long dendrites and disconnected synapses,
similar to those found in the human FXS hippocampal–neocortical junction [189]. Further, microarray
analyses of miRNAs associated with FMRP in the Fmr1 KO mouse brain identified miR-125a, miR-125b,
and miR-132, and disruption of the regulating of these miRNA-mediated protein translation results in
early neural development and synaptic physiology [190,191]. Another microarray study [192] in the
Fmr1 KO mouse showed the interaction of miR-34b, miR-340, and miR-148a with the Met 3′ UTR of the
FMR1 gene, suggesting that alterations in the miRNA expression resulted from the absence of FMRP,
could contribute to the molecular pathology of FXS. Enhanced expression of miR-510, located on
chromosome X in the 27.3Xq region, flanking to a fragile X site, was reported in full mutation female
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carriers [193]. Thus, although more studies are necessary to confirm their utility, many pieces of
evidence indicate that miRNAs could be attractive candidate biomarkers in FXS.

13. Conclusions

FXS is a challenging disorder in terms of drug development and clinical implementation.
An extensive preclinical work, carried out in the FXS animal models, has provided ways to improve
the behavior, language, and cognitive ability, but several factors (complex clinical phenotype, genetic
variability, gender differences, and use of multiple medications, limitations in the outcome measures
and of tools) might have contributed to a lack of translation from the preclinical to clinical outcomes.
When looking at the design of the preclinical studies to date, some limitations can be identified. Most of
the FXS research in mammalian model systems is limited to two disease models, the Fmr1 KO mouse
and Fmr1 KO drosophila animal model, but the central issue in using these models is variability and
small effect size of the phenotype particularly in the area of cognitive defects. Moreover, overlapping
phenotypes in these animal models sometimes may lead to over-prediction of the therapeutic potential
of novel drug treatments.

Research to date on FXS has provided us with several potential candidate biomarkers that can,
in principle, be used to assess efficacy; molecular biomarkers are promising, simple, and minimally
invasive diagnostic tools that can objectively measure the biologically relevant effects of targeted
treatments on the underlying molecular defects observed in FXS. However, the current research on
molecular biomarkers in FXS suffers from a number of limitations. FXS is a neurological disorder,
but brain tissue is not easily accessible. Therefore, biomarkers must be developed in a tissue that
can be obtained easily, such as PBMCs, platelets, and fibroblasts. No single consistent molecule or
modification state (i.e., phosphorylation or acetylation) has been reported to be differentially regulated
in FXS patients versus controls consistently across multiple testing sites. Although many molecular
biomarkers have been proposed in FXS (Figure 2), no one is accurate enough as changes according to
disease modifications in a trial setting. No clinical history for any marker is available, and lengthy
expensive processing and time consumption are required to generate test substrates such as primary
fibroblasts (and induced pluripotent stem cells).

In summary, there is an urgent need to establish novel and reliable biomarkers in FXS, particularly
blood-based biomarkers, essential to the development of new treatments. They can provide measures of
disease severity and can be used to develop personalized treatments. Interestingly, when monitored over
time, they can be used to evaluate treatment outcomes and help to identify responders, and therefore
those individuals that following treatment have shown real benefit with phenotype improvements.
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41. Stembalska, A.; Łaczmańska, I.; Gil, J.; Pesz, K.A. Fragile X Syndrome in Females—A Familial Case Report

and Review of the Literature. Dev. Period. Med. 2016, 20, 99–104.
42. Berry-Kravis, E.; Potanos, K.; Weinberg, D.; Zhou, L.; Goetz, C.G. Fragile X-Associated Tremor/ataxia

Syndrome in Sisters Related to X-Inactivation. Ann. Neurol. 2005, 57, 144–147. [CrossRef]
43. Van Esch, H. The Fragile X premutation: New insights and clinical consequences. Eur. J. Med Genet. 2006, 49, 1–8.

[CrossRef]
44. Seltzer, M.M.; Abbeduto, L.; Greenberg, J.S.; Almeida, D.; Hong, J.; Witt, W. Chapter 7 Biomarkers in the

Study of Families of Children with Developmental Disabilities. Families 2009, 37, 213–249.
45. Bear, M.F.; Huber, K.M.; Warren, S.T. The mGluR theory of fragile X mental retardation. Trends Neurosci.

2004, 27, 370–377. [CrossRef]
46. Dölen, G.; Bear, M.F. Role for Metabotropic Glutamate Receptor 5 (mGluR5) in the Pathogenesis of Fragile X

Syndrome. J. Physiol. 2008, 586, 1503–1508. [CrossRef]
47. Kim, M.; Ceman, S. Fragile X Mental Retardation Protein: Past, Present and Future. Curr. Pept. Sci. 2012, 13, 358–371.

[CrossRef]
48. Darnell, J.C.; Klann, E. The Translation of Translational Control by FMRP: Therapeutic Targets for FXS. Nat.

Neurosci. 2013, 16, 1530–1536. [CrossRef]
49. Huber, K.M.; Gallagher, S.M.; Warren, S.T.; Bear, M.F. Altered Synaptic Plasticity in a Mouse Model of Fragile

X Mental Retardation. Proc. Natl. Acad. Sci. USA 2002, 99, 7746–7750. [CrossRef]
50. Dölen, G.; Osterweil, E.; Rao, B.S.S.; Smith, G.B.; Auerbach, B.D.; Chattarji, S.; Bear, M.F. Correction of fragile

X syndrome in mice. Neuron 2007, 56, 955–962. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/nrd.2017.221
http://dx.doi.org/10.1016/j.coph.2014.11.004
http://www.ncbi.nlm.nih.gov/pubmed/25488569
http://dx.doi.org/10.1038/nrd.2016.18
http://dx.doi.org/10.1196/annals.1429.029
http://www.ncbi.nlm.nih.gov/pubmed/18574214
http://dx.doi.org/10.1002/ajmg.b.30786
http://dx.doi.org/10.1002/ajmg.b.31237
http://dx.doi.org/10.1002/ajmg.a.35323
http://dx.doi.org/10.1097/DBP.0b013e318272dcbc
http://www.ncbi.nlm.nih.gov/pubmed/23117595
http://dx.doi.org/10.1097/YCO.0000000000000233
http://www.ncbi.nlm.nih.gov/pubmed/26779860
http://dx.doi.org/10.2522/ptj.20140430
http://dx.doi.org/10.1007/s10815-016-0854-6
http://www.ncbi.nlm.nih.gov/pubmed/27995424
http://dx.doi.org/10.3389/fgene.2018.00338
http://dx.doi.org/10.5582/irdr.2016.01045
http://dx.doi.org/10.1136/jmg.2008.059055
http://dx.doi.org/10.1002/ana.20360
http://dx.doi.org/10.1016/j.ejmg.2005.11.001
http://dx.doi.org/10.1016/j.tins.2004.04.009
http://dx.doi.org/10.1113/jphysiol.2008.150722
http://dx.doi.org/10.2174/138920312801619420
http://dx.doi.org/10.1038/nn.3379
http://dx.doi.org/10.1073/pnas.122205699
http://dx.doi.org/10.1016/j.neuron.2007.12.001
http://www.ncbi.nlm.nih.gov/pubmed/18093519


Brain Sci. 2019, 9, 96 16 of 23

51. Krueger, D.D.; Bear, M.F. Toward Fulfilling the Promise of Molecular Medicine in Fragile X Syndrome.
Annu. Med. 2011, 62, 411–429. [CrossRef]

52. Bhakar, A.L.; Dölen, G.; Bear, M.F. The Pathophysiology of Fragile X (and What It Teaches Us about Synapses).
Annu. Neurosci. 2012, 35, 417–443. [CrossRef] [PubMed]

53. Michalon, A.; Sidorov, M.; Ballard, T.M.; Ozmen, L.; Spooren, W.; Wettstein, J.G.; Jaeschke, G.; Bear, M.F.; Lindemann, L.
Chronic Pharmacological mGlu5 Inhibition Corrects Fragile X in Adult Mice. Neuron 2012, 74, 49–56. [CrossRef]

54. McBride, S.M.; Choi, C.H.; Wang, Y.; Liebelt, D.; Braunstein, E.; Ferreiro, D.; Sehgal, A.; Siwicki, K.K.;
Dockendorff, T.C.; Nguyen, H.T.; et al. Pharmacological Rescue of Synaptic Plasticity, Courtship Behavior,
and Mushroom Body Defects in a Drosophila Model of Fragile X Syndrome. Neuron 2005, 45, 753–764.
[CrossRef] [PubMed]

55. Pan, L.; Broadie, K.S. Drosophila Fragile X Mental Retardation Protein and Metabotropic Glutamate Receptor
A Convergently Regulate the Synaptic Ratio of Ionotropic Glutamate Receptor Subclasses. J. Neurosci.
2007, 27, 12378–12389. [CrossRef]

56. Chang, S.; Bray, S.M.; Li, Z.; Zarnescu, D.C.; He, C.; Jin, P.; Warren, S.T. Identification of small molecules
rescuing fragile X syndrome phenotypes in Drosophila. Nat. Methods 2008, 4, 256–263. [CrossRef]

57. Pan, L.; Woodruff, E., 3rd; Liang, P.; Broadie, K. Mechanistic Relationships between Drosophila Fragile
X Mental Retardation Protein and Metabotropic Glutamate Receptor A Signaling. Mol. Cell. Neurosci.
2008, 37, 747–760. [CrossRef] [PubMed]

58. Repicky, S.; Broadie, K. Metabotropic Glutamate Receptor-Mediated Use-Dependent down-Regulation of
Synaptic Excitability Involves the Fragile X Mental Retardation Protein. J. Neurophysiol. 2009, 101, 672–687.
[CrossRef] [PubMed]

59. Choi, C.H.; McBride, S.M.J.; Schoenfeld, B.P.; Liebelt, D.A.; Ferreiro, D.; Ferrick, N.J.; Hinchey, P.; Kollaros, M.;
Rudominer, R.L.; Terlizzi, A.M.; et al. Age-dependent cognitive impairment in a Drosophila Fragile X model
and its pharmacological rescue. Biogerontology 2009, 11, 347–362. [CrossRef] [PubMed]

60. Kanellopoulos, A.K.; Semelidou, O.; Kotini, A.G.; Anezaki, M.; Skoulakis, E.M.C. Learning and Memory
Deficits Consequent to Reduction of the Fragile X Mental Retardation Protein Result from Metabotropic
Glutamate Receptor-Mediated Inhibition of cAMP Signaling in Drosophila. J. Neurosci. 2012, 32, 13111–13124.
[CrossRef]

61. Tessier, C.R.; Broadie, K. Molecular and Genetic Analysis of the Drosophila Model of Fragile X Syndrome.
Results Probl. Cell Differ. 2012, 54, 119–156.

62. Drozd, M.; Bardoni, B.; Capovilla, M. Modeling Fragile X Syndrome in Drosophila. Front. Neurosci. 2018, 11, 124.
[CrossRef]

63. Yan, Q.; Rammal, M.; Tranfaglia, M.; Bauchwitz, R.; Bauchwitz, R. Suppression of two major Fragile X
Syndrome mouse model phenotypes by the mGluR5 antagonist MPEP. Neuropharmacology 2005, 49, 1053–1066.
[CrossRef]

64. De Vrij, F.M.; Levenga, J.; Van Der Linde, H.C.; Koekkoek, S.K.; De Zeeuw, C.I.; Nelson, D.L.; Oostra, B.A.;
Willemsen, R. Rescue of behavioral phenotype and neuronal protrusion morphology in Fmr1 KO mice.
Neurobiol. Dis. 2008, 31, 127–132. [CrossRef] [PubMed]

65. Gandhi, R.M.; Kogan, C.S.; Messier, C.; Gandhi, R.M. 2-Methyl-6-(phenylethynyl) pyridine (MPEP) reverses
maze learning and PSD-95 deficits in Fmr1 knock-out mice. Front. Cell. Neurosci. 2014, 8, 70. [CrossRef]
[PubMed]

66. Achuta, V.S.; Grym, H.; Putkonen, N.; Louhivuori, V.; Kärkkäinen, V.; Koistinaho, J.; Roybon, L.;
Castrén, M.L. Metabotropic Glutamate Receptor 5 Responses Dictate Differentiation of Neural Progenitors to
NMDA-Responsive Cells in Fragile X Syndrome. Dev. Neurobiol. 2017, 77, 438–453. [CrossRef] [PubMed]

67. Ronesi, J.A.; Collins, K.A.; Hays, S.A.; Tsai, N.-P.; Guo, W.; Birnbaum, S.G.; Hu, J.-H.; Worley, P.F.; Gibson, J.R.;
Huber, K.M. Disrupted Homer scaffolds mediate abnormal mGluR5 function in a mouse model of fragile X
syndrome. Nat. Neurosci. 2012, 15, 431–440. [CrossRef]

68. Guo, W.; Molinaro, G.; Collins, K.A.; Hays, S.A.; Paylor, R.; Worley, P.F.; Szumlinski, K.K.; Huber, K.M.
Selective Disruption of Metabotropic Glutamate Receptor 5-Homer Interactions Mimics Phenotypes of
Fragile X Syndrome in Mice. J. Neurosci. 2016, 36, 2131–2147. [CrossRef]

69. Bogdanik, L.; Mohrmann, R.; Ramaekers, A.; Bockaert, J.; Grau, Y.; Broadie, K.; Parmentier, M.-L.
The Drosophila Metabotropic Glutamate Receptor DmGluRA Regulates Activity-Dependent Synaptic
Facilitation and Fine Synaptic Morphology. J. Neurosci. 2004, 24, 9105–9116. [CrossRef]

http://dx.doi.org/10.1146/annurev-med-061109-134644
http://dx.doi.org/10.1146/annurev-neuro-060909-153138
http://www.ncbi.nlm.nih.gov/pubmed/22483044
http://dx.doi.org/10.1016/j.neuron.2012.03.009
http://dx.doi.org/10.1016/j.neuron.2005.01.038
http://www.ncbi.nlm.nih.gov/pubmed/15748850
http://dx.doi.org/10.1523/JNEUROSCI.2970-07.2007
http://dx.doi.org/10.1038/nchembio.78
http://dx.doi.org/10.1016/j.mcn.2008.01.003
http://www.ncbi.nlm.nih.gov/pubmed/18280750
http://dx.doi.org/10.1152/jn.90953.2008
http://www.ncbi.nlm.nih.gov/pubmed/19036865
http://dx.doi.org/10.1007/s10522-009-9259-6
http://www.ncbi.nlm.nih.gov/pubmed/20039205
http://dx.doi.org/10.1523/JNEUROSCI.1347-12.2012
http://dx.doi.org/10.3389/fnmol.2018.00124
http://dx.doi.org/10.1016/j.neuropharm.2005.06.004
http://dx.doi.org/10.1016/j.nbd.2008.04.002
http://www.ncbi.nlm.nih.gov/pubmed/18571098
http://dx.doi.org/10.3389/fncel.2014.00070
http://www.ncbi.nlm.nih.gov/pubmed/24701200
http://dx.doi.org/10.1002/dneu.22419
http://www.ncbi.nlm.nih.gov/pubmed/27411166
http://dx.doi.org/10.1038/nn.3033
http://dx.doi.org/10.1523/JNEUROSCI.2921-15.2016
http://dx.doi.org/10.1523/JNEUROSCI.2724-04.2004


Brain Sci. 2019, 9, 96 17 of 23

70. Michel, C.I.; Kraft, R.; Restifo, L.L. Defective Neuronal Development in the Mushroom Bodies of Drosophila
Fragile X Mental Retardation 1 Mutants. J. Neurosci. 2004, 24, 5798–5809. [CrossRef]

71. Porter, R.H.P.; Jaeschke, G.; Spooren, W.; Ballard, T.M.; Büttelmann, B.; Kolczewski, S.; Peters, J.-U.;
Prinssen, E.; Wichmann, J.; Vieira, E.; et al. Fenobam: A Clinically Validated Nonbenzodiazepine Anxiolytic
Is a Potent, Selective, and Noncompetitive mGlu5 Receptor Antagonist with Inverse Agonist Activity.
J. Pharmacol. Exp. Ther. 2005, 315, 711–721. [CrossRef]

72. Berry-Kravis, E.; Hessl, D.; Coffey, S.; Hervey, C.; Schneider, A.; Yuhas, J.; Hutchison, J.; Snape, M.;
Tranfaglia, M.; Nguyen, D.V.; et al. A pilot open label, single dose trial of fenobam in adults with fragile X
syndrome. J. Med Genet. 2009, 46, 266–271. [CrossRef]

73. Vranesic, I.; Ofner, S.; Flor, P.J.; Bilbe, G.; Bouhelal, R.; Enz, A.; Desrayaud, S.; McAllister, K.; Kuhn, R.;
Gasparini, F. AFQ056/mavoglurant, a Novel Clinically Effective mGluR5 Antagonist: Identification, SAR
and Pharmacological Characterization. Bioorg. Med. Chem. 2014, 22, 5790–5803. [CrossRef]

74. Jacquemont, S.; Curie, A.; Portes, V.D.; Torrioli, M.G.; Berry-Kravis, E.; Hagerman, R.J.; Ramos, F.J.; Cornish, K.;
He, Y.; Paulding, C.; et al. Epigenetic Modification of the FMR1 Gene in Fragile X Syndrome Is Associated
with Differential Response to the mGluR5 Antagonist AFQ056. Sci. Transl. Med. 2011, 3, 64ra1. [CrossRef]

75. Berry-Kravis, E.; Hagerman, R.; Jacquemont, S.; Charles, P.; Visootsak, J.; Brinkman, M.; Rerat, K.;
Koumaras, B.; Zhu, L.; Barth, G.M.; et al. Mavoglurant in fragile X syndrome: Results of two randomized,
double-blind, placebo-controlled trials. Sci. Transl. Med. 2016, 8, 321. [CrossRef] [PubMed]

76. Jaeschke, G.; Kolczewski, S.; Spooren, W.; Vieira, E.; Bitter-Stoll, N.; Boissin, P.; Borroni, E.; Büttelmann, B.;
Ceccarelli, S.; Clemann, N.; et al. Metabotropic Glutamate Receptor 5 Negative Allosteric Modulators:
Discovery of 2-Chloro-4-[1-(4-fluorophenyl)-2,5-dimethyl-1H-imidazol-4-ylethynyl]pyridine (Basimglurant,
RO4917523), a Promising Novel Medicine for Psychiatric Diseases. J. Med. Chem. 2015, 58, 1358–1371.
[CrossRef]

77. Lindemann, L.; Porter, R.H.; Scharf, S.H.; Kuennecke, B.; Bruns, A.; Von Kienlin, M.; Harrison, A.C.;
Paehler, A.; Funk, C.; Gloge, A.; et al. Pharmacology of Basimglurant (RO4917523, RG7090), a Unique
Metabotropic Glutamate Receptor 5 Negative Allosteric Modulator in Clinical Development for Depression.
J. Pharmacol. Exp. Ther. 2015, 353, 213–233. [CrossRef] [PubMed]

78. Gantois, I.; Pop, A.S.; De Esch, C.E.; Buijsen, R.A.; Pooters, T.; Gomez-Mancilla, B.; Gasparini, F.; Oostra, B.A.;
D’Hooge, R.; Willemsen, R. Chronic administration of AFQ056/Mavoglurant restores social behaviour in
Fmr1 knockout mice. Behav. Brain 2013, 239, 72–79. [CrossRef]

79. Pop, A.S.; Levenga, J.; de Esch, C.E.F.; Buijsen, R.A.M.; Nieuwenhuizen, I.M.; Li, T.; Isaacs, A.; Gasparini, F.;
Oostra, B.A.; Willemsen, R. Rescue of Dendritic Spine Phenotype in Fmr1 KO Mice with the mGluR5
Antagonist AFQ056/Mavoglurant. Psychopharmacology 2014, 231, 1227–1235. [CrossRef]

80. Levenga, J.; Hayashi, S.; De Vrij, F.M.; Koekkoek, S.K.; Van Der Linde, H.C.; Nieuwenhuizen, I.; Song, C.;
Buijsen, R.A.; Pop, A.S.; GomezMancilla, B.; et al. AFQ056, a new mGluR5 antagonist for treatment of fragile
X syndrome. Neurobiol. Dis. 2011, 42, 311–317. [CrossRef]

81. Tranfaglia, M. Roche Reports Fragile X Clinical Trial Negative Results. Available online: https://www.fraxa.
org/roche-reports-clinical-trial-negative-results/ (accessed on 10 January 2019).

82. FRAXA Research Foundation. Novartis Discontinues Development of mavoglurant (AFQ056) for Fragile
X Syndrome. Fragile X Research—FRAXA Research Foundation. Available online: https://www.fraxa.org/

novartis-discontinues-development-mavoglurant-afq056-fragile-x-syndrome/ (accessed on 10 January 2019).
83. A Youssef, E.; Berry-Kravis, E.; Czech, C.; Hagerman, R.J.; Hessl, D.; Wong, C.Y.; Rabbia, M.; Deptula, D.;

John, A.; Kinch, R.; et al. Effect of the mGluR5-NAM Basimglurant on Behavior in Adolescents and Adults
with Fragile X Syndrome in a Randomized, Double-Blind, Placebo-Controlled Trial: FragXis Phase 2 Results.
Neuropsychopharmacol 2017, 43, 503–512. [CrossRef] [PubMed]

84. Hagerman, R.; Jacquemont, S.; Berry-Kravis, E.; Des Portes, V.; Stanfield, A.; Koumaras, B.; Rosenkranz, G.;
Murgia, A.; Wolf, C.; Apostol, G.; et al. Mavoglurant in Fragile X Syndrome: Results of Two Open-Label,
Extension Trials in Adults and Adolescents. Sci. Rep. 2018, 8, 16970. [CrossRef] [PubMed]

85. D’Hulst, C.; Heulens, I.; Brouwer, J.R.; Willemsen, R.; De Geest, N.; Reeve, S.P.; De Deyn, P.P.; Hassan, B.A.;
Kooy, R.F. Expression of the GABAergic system in animal models for fragile X syndrome and fragile X
associated tremor/ataxia syndrome (FXTAS). Brain Res. 2009, 1253, 176–183. [CrossRef]

http://dx.doi.org/10.1523/JNEUROSCI.1102-04.2004
http://dx.doi.org/10.1124/jpet.105.089839
http://dx.doi.org/10.1136/jmg.2008.063701
http://dx.doi.org/10.1016/j.bmc.2014.09.033
http://dx.doi.org/10.1126/scitranslmed.3001708
http://dx.doi.org/10.1126/scitranslmed.aab4109
http://www.ncbi.nlm.nih.gov/pubmed/26764156
http://dx.doi.org/10.1021/jm501642c
http://dx.doi.org/10.1124/jpet.114.222463
http://www.ncbi.nlm.nih.gov/pubmed/25665805
http://dx.doi.org/10.1016/j.bbr.2012.10.059
http://dx.doi.org/10.1007/s00213-012-2947-y
http://dx.doi.org/10.1016/j.nbd.2011.01.022
https://www.fraxa.org/roche-reports-clinical-trial-negative-results/
https://www.fraxa.org/roche-reports-clinical-trial-negative-results/
https://www.fraxa.org/novartis-discontinues-development-mavoglurant-afq056-fragile-x-syndrome/
https://www.fraxa.org/novartis-discontinues-development-mavoglurant-afq056-fragile-x-syndrome/
http://dx.doi.org/10.1038/npp.2017.177
http://www.ncbi.nlm.nih.gov/pubmed/28816242
http://dx.doi.org/10.1038/s41598-018-34978-4
http://www.ncbi.nlm.nih.gov/pubmed/30451888
http://dx.doi.org/10.1016/j.brainres.2008.11.075


Brain Sci. 2019, 9, 96 18 of 23

86. Braat, S.; D’Hulst, C.; Heulens, I.; De Rubeis, S.; Mientjes, E.; Nelson, D.L.; Willemsen, R.; Bagni, C.; Van
Dam, D.; De Deyn, P.P.; et al. The GABAA receptor is an FMRP target with therapeutic potential in fragile X
syndrome. Cell Cycle 2015, 14, 2985–2995. [CrossRef]

87. Zhang, N.; Peng, Z.; Tong, X.; Lindemeyer, A.K.; Cetina, Y.; Huang, C.S.; Olsen, R.W.; Otis, T.S.; Houser, C.R.
Decreased Surface Expression of the δ Subunit of the GABAA Receptor Contributes to Reduced Tonic
Inhibition in Dentate Granule Cells in a Mouse Model of Fragile X Syndrome. Exp. Neurol. 2017, 297, 168–178.
[CrossRef] [PubMed]

88. He, Q.; Nomura, T.; Xu, J.; Contractor, A. The Developmental Switch in GABA Polarity Is Delayed in Fragile
X Mice. J. Neurosci. 2014, 34, 446–450. [CrossRef] [PubMed]

89. Tyzio, R.; Nardou, R.; Ferrari, D.C.; Tsintsadze, T.; Shahrokhi, A.; Eftekhari, S.; Khalilov, I.; Tsintsadze, V.;
Brouchoud, C.; Chazal, G.; et al. Oxytocin-Mediated GABA Inhibition During Delivery Attenuates Autism
Pathogenesis in Rodent Offspring. Science 2014, 343, 675–679. [CrossRef] [PubMed]

90. Telias, M.; Segal, M.; Ben-Yosef, D. Immature Responses to GABA in Fragile X Neurons Derived from Human
Embryonic Stem Cells. Front. Cell. Neurosci. 2016, 10, 167. [CrossRef]

91. Olmos-Serrano, J.L.; Corbin, J.G.; Burns, M.P. The GABAA Receptor Agonist THIP Ameliorates Specific
Behavioral Deficits in the Mouse Model of Fragile X Syndrome. Dev. Neurosci. 2011, 33, 395–403. [CrossRef]
[PubMed]

92. Sinclair, D.; Featherstone, R.; Naschek, M.; Nam, J.; Du, A.; Wright, S.; Pance, K.; Melnychenko, O.;
Weger, R.; Akuzawa, S.; et al. GABA-B Agonist Baclofen Normalizes Auditory-Evoked Neural Oscillations
and Behavioral Deficits in the Fmr1 Knockout Mouse Model of Fragile X Syndrome. Eneuro 2017, 4,
ENEURO.0380–16.2017. [CrossRef]

93. Qin, M.; Huang, T.; Kader, M.; Krych, L.; Xia, Z.; Burlin, T.; Zeidler, Z.; Zhao, T.; Smith, C.B. R-Baclofen
Reverses a Social Behavior Deficit and Elevated Protein Synthesis in a Mouse Model of Fragile X Syndrome.
Int. J. Neuropsychopharmacol. 2015, 18, 18. [CrossRef]

94. Henderson, C.; Wijetunge, L.; Kinoshita, M.N.; Shumway, M.; Hammond, R.S.; Postma, F.R.; Brynczka, C.;
Rush, R.; Thomas, A.; Paylor, R.; et al. Reversal of Disease-Related Pathologies in the Fragile X Mouse Model
by Selective Activation of GABAB Receptors with Arbaclofen. Sci. Transl. Med. 2012, 4, 152. [CrossRef]

95. Kang, J.-Y.; Chadchankar, J.; Vien, T.N.; Mighdoll, M.I.; Hyde, T.M.; Mather, R.J.; Deeb, T.Z.; Pangalos, M.N.;
Brandon, N.J.; Dunlop, J.; et al. Deficits in the activity of presynaptic γ-aminobutyric acid type B receptors
contribute to altered neuronal excitability in fragile X syndrome. J. Boil. Chem. 2017, 292, 6621–6632.
[CrossRef] [PubMed]

96. Wang, L.; Wang, Y.; Zhou, S.; Yang, L.; Shi, Q.; Li, Y.; Zhang, K.; Yang, L.; Zhao, M.; Yang, Q.; et al. Imbalance
between Glutamate and GABA in Fmr1 Knockout Astrocytes Influences Neuronal Development. Genes
2016, 7, 45. [CrossRef] [PubMed]

97. Zhao, W.; Wang, J.; Song, S.; Li, F.; Yuan, F. Reduction of α1GABAA receptor mediated by tyrosine kinase C
(PKC) phosphorylation in a mouse model of fragile X syndrome. Int. J. Clin. Exp. Med. 2015, 8, 13219–13226.

98. Fatemi, S.H.; Folsom, T.D. GABA receptor subunit distribution and FMRP–mGluR5 signaling abnormalities in the
cerebellum of subjects with schizophrenia, mood disorders, and autism. Schizophr. Res. 2015, 167, 42–56. [CrossRef]

99. Braat, S.; Kooy, R.F. Fragile X syndrome neurobiology translates into rational therapy. Drug Discov. Today
2014, 19, 510–519. [CrossRef] [PubMed]

100. Lozano, R.; Hare, E.B.; Hagerman, R.J. Modulation of the GABAergic pathway for the treatment of fragile X
syndrome. Neuropsychiatr. Dis. Treat. 2014, 10, 1769–1779. [PubMed]

101. Olmos-Serrano, J.L.; Paluszkiewicz, S.M.; Martin, B.S.; Kaufmann, W.E.; Corbin, J.G.; Huntsman, M.M.
Defective GABAergic Neurotransmission and Pharmacological Rescue of Neuronal Hyperexcitability in the
Amygdala in a Mouse Model of Fragile X Syndrome. J. Neurosci. 2010, 30, 9929–9938. [CrossRef] [PubMed]

102. Curia, G.; Papouin, T.; Séguéla, P.; Avoli, M. Downregulation of Tonic GABAergic Inhibition in a Mouse
Model of Fragile X Syndrome. Cereb. Cortex 2008, 19, 1515–1520. [CrossRef]

103. Centonze, D.; Rossi, S.; Mercaldo, V.; Napoli, I.; Ciotti, M.T.; De Chiara, V.; Musella, A.; Prosperetti, C.;
Calabresi, P.; Bernardi, G.; et al. Abnormal Striatal GABA Transmission in the Mouse Model for the Fragile X
Syndrome. Boil. Psychiatry 2008, 63, 963–973. [CrossRef] [PubMed]

104. Berry-Kravis, E.; Hagerman, R.; Visootsak, J.; Budimirovic, D.; Kaufmann, W.E.; Cherubini, M.; Zarevics, P.;
Walton-Bowen, K.; Wang, P.; Bear, M.F.; et al. Arbaclofen in fragile X syndrome: Results of phase 3 trials.
J. Neurodev. Disord. 2017, 9, 3. [CrossRef]

http://dx.doi.org/10.4161/15384101.2014.989114
http://dx.doi.org/10.1016/j.expneurol.2017.08.008
http://www.ncbi.nlm.nih.gov/pubmed/28822839
http://dx.doi.org/10.1523/JNEUROSCI.4447-13.2014
http://www.ncbi.nlm.nih.gov/pubmed/24403144
http://dx.doi.org/10.1126/science.1247190
http://www.ncbi.nlm.nih.gov/pubmed/24503856
http://dx.doi.org/10.3389/fncel.2016.00121
http://dx.doi.org/10.1159/000332884
http://www.ncbi.nlm.nih.gov/pubmed/22067669
http://dx.doi.org/10.1523/ENEURO.0380-16.2017
http://dx.doi.org/10.1093/ijnp/pyv034
http://dx.doi.org/10.1126/scitranslmed.3004218
http://dx.doi.org/10.1074/jbc.M116.772541
http://www.ncbi.nlm.nih.gov/pubmed/28213518
http://dx.doi.org/10.3390/genes7080045
http://www.ncbi.nlm.nih.gov/pubmed/27517961
http://dx.doi.org/10.1016/j.schres.2014.10.010
http://dx.doi.org/10.1016/j.drudis.2014.01.013
http://www.ncbi.nlm.nih.gov/pubmed/24508819
http://www.ncbi.nlm.nih.gov/pubmed/25258535
http://dx.doi.org/10.1523/JNEUROSCI.1714-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/20660275
http://dx.doi.org/10.1093/cercor/bhn159
http://dx.doi.org/10.1016/j.biopsych.2007.09.008
http://www.ncbi.nlm.nih.gov/pubmed/18028882
http://dx.doi.org/10.1186/s11689-016-9181-6


Brain Sci. 2019, 9, 96 19 of 23

105. Berry-Kravis, E.M.; Hessl, D.; Rathmell, B.; Zarevics, P.; Cherubini, M.; Walton-Bowen, K.; Mu, Y.;
Nguyen, D.V.; Gonzalez-Heydrich, J.; Wang, P.P.; et al. Effects of STX209 (Arbaclofen) on Neurobehavioral
Function in Children and Adults with Fragile X Syndrome: A Randomized, Controlled, Phase 2 Trial.
Sci. Transl. Med. 2012, 4, 152ra127. [CrossRef]

106. Schaefer, T.L.; Davenport, M.H.; Grainger, L.M.; Robinson, C.K.; Earnheart, A.T.; Stegman, M.S.; Lang, A.L.;
Ashworth, A.A.; Molinaro, G.; Huber, K.M.; et al. Acamprosate in a Mouse Model of Fragile X Syndrome:
Modulation of Spontaneous Cortical Activity, ERK1/2 Activation, Locomotor Behavior, and Anxiety.
J. Neurodev. Disord. 2017, 9, 6. [CrossRef]

107. Erickson, C.A.; Wink, L.K.; Ray, B.; Early, M.C.; Stiegelmeyer, E.; Mathieu-Frasier, L.; Patrick, V.; Lahiri, D.K.;
McDougle, C.J. Impact of acamprosate on behavior and brain-derived neurotrophic factor: An open-label
study in youth with fragile X syndrome. Psychopharmacology 2013, 228, 75–84. [CrossRef] [PubMed]

108. Ligsay, A.; Van Dijck, A.; Nguyen, D.V.; Lozano, R.; Chen, Y.; Bickel, E.S.; Hessl, D.; Schneider, A.;
Angkustsiri, K.; Tassone, F.; et al. A randomized double-blind, placebo-controlled trial of ganaxolone in
children and adolescents with fragile X syndrome. J. Neurodev. Disord. 2017, 9, 26. [CrossRef] [PubMed]

109. Jung, H.; Yoon, B.C.; Holt, C.E. Axonal mRNA Localization and Local Protein Synthesis in Nervous System
Assembly, Maintenance and Repair. Nat. Rev. Neurosci. 2012, 13, 308–324. [CrossRef] [PubMed]

110. Qin, M.; Kang, J.; Burlin, T.V.; Jiang, C.; Smith, C.B. Postadolescent Changes in Regional Cerebral Protein
Synthesis: An In Vivo Study in the Fmr1 Null Mouse. J. Neurosci. 2005, 25, 5087–5095. [CrossRef] [PubMed]

111. Kumari, D.; Bhattacharya, A.; Nadel, J.; Moulton, K.; Zeak, N.M.; Glicksman, A.; Dobkin, C.; Brick, D.J.;
Schwartz, P.H.; Smith, C.B.; et al. Identification of Fragile X Syndrome-Specific Molecular Markers in Human
Fibroblasts: A Useful Model to Test the Efficacy of Therapeutic Drugs. Hum. Mutat. 2014, 35, 1485–1494.
[CrossRef]

112. Jacquemont, S.; Pacini, L.; E Jønch, A.; Cencelli, G.; Rozenberg, I.; He, Y.; D’Andrea, L.; Pedini, G.; Eldeeb, M.;
Willemsen, R.; et al. Protein synthesis levels are increased in a subset of individuals with fragile X syndrome.
Hum. Mol. Genet. 2018, 27, 2039–2051. [CrossRef]

113. Qin, M.; Schmidt, K.C.; Zametkin, A.J.; Bishu, S.; Horowitz, L.M.; Burlin, T.V.; Xia, Z.; Huang, T.;
Quezado, Z.M.; Smith, C.B. Altered Cerebral Protein Synthesis in Fragile X Syndrome: Studies in Human
Subjects and Knockout Mice. J. Cereb. Blood Flow Metab. 2013, 33, 499–507. [CrossRef]

114. Liu, Z.-H.; Huang, T.; Smith, C.B. Lithium Reverses Increased Rates of Cerebral Protein Synthesis in a Mouse
Model of Fragile X Syndrome. Neurobiol. Dis. 2012, 45, 1145. [CrossRef]

115. Gross, C.; Hoffmann, A.; Bassell, G.J.; Berry-Kravis, E.M. Therapeutic Strategies in Fragile X Syndrome: From
Bench to Bedside and Back. Neurotherapeutics 2015, 12, 584–608. [CrossRef]

116. Jacquemont, S.; Berry-Kravis, E.; Hagerman, R.; von Raison, F.; Gasparini, F.; Apostol, G.; Ufer, M.; Des
Portes, V.; Gomez-Mancilla, B. The Challenges of Clinical Trials in Fragile X Syndrome. Psychopharmacology
2014, 231, 1237–1250. [CrossRef]

117. Pop, A.S.; Gomez-Mancilla, B.; Neri, G.; Willemsen, R.; Gasparini, F. Fragile X Syndrome: A Preclinical Review
on Metabotropic Glutamate Receptor 5 (mGluR5) Antagonists and Drug Development. Psychopharmacology
2014, 231, 1217–1226. [CrossRef] [PubMed]

118. Osterweil, E.K.; Chuang, S.-C.; Chubykin, A.A.; Sidorov, M.; Bianchi, R.; Wong, R.K.S.; Bear, M.F. Lovastatin
corrects excess protein synthesis and prevents epileptogenesis in a mouse model of fragile X syndrome.
Neuron 2013, 77, 243–250. [CrossRef]

119. Bhattacharya, A.; Kaphzan, H.; Alvarez-Dieppa, A.C.; Murphy, J.P.; Pierre, P.; Klann, E. Genetic Removal
of p70 S6 Kinase 1 Corrects Molecular, Synaptic, and Behavioral Phenotypes in Fragile X Syndrome Mice.
Neuron 2012, 76, 325–337. [CrossRef]

120. Reversal of Activity-Mediated Spine Dynamics and Learning Impairment in a Mouse Model of Fragile X
Syndrome. Available online: https://www.ncbi.nlm.nih.gov/pubmed/24712992 (accessed on 11 January 2019).

121. Dolan, B.M.; Duron, S.G.; Campbell, D.A.; Vollrath, B.; Rao, B.S.S.; Ko, H.-Y.; Lin, G.G.; Govindarajan, A.;
Choi, S.-Y.; Tonegawa, S.; et al. Rescue of fragile X syndrome phenotypes in Fmr1 KO mice by the
small-molecule PAK inhibitor FRAX486. Proc. Natl. Acad. Sci. USA 2013, 110, 5671–5676. [CrossRef]

122. Bhattacharya, A.; Mamcarz, M.; Mullins, C.; Choudhury, A.; Boyle, R.G.; Smith, D.G.; Walker, D.W.; Klann, E.
Targeting Translation Control with p70 S6 Kinase 1 Inhibitors to Reverse Phenotypes in Fragile X Syndrome
Mice. Neuropsychopharmacology 2016, 41, 1991–2000. [CrossRef]

http://dx.doi.org/10.1126/scitranslmed.3004214
http://dx.doi.org/10.1186/s11689-017-9184-y
http://dx.doi.org/10.1007/s00213-013-3022-z
http://www.ncbi.nlm.nih.gov/pubmed/23436129
http://dx.doi.org/10.1186/s11689-017-9207-8
http://www.ncbi.nlm.nih.gov/pubmed/28764646
http://dx.doi.org/10.1038/nrn3210
http://www.ncbi.nlm.nih.gov/pubmed/22498899
http://dx.doi.org/10.1523/JNEUROSCI.0093-05.2005
http://www.ncbi.nlm.nih.gov/pubmed/15901791
http://dx.doi.org/10.1002/humu.22699
http://dx.doi.org/10.1093/hmg/ddy099
http://dx.doi.org/10.1038/jcbfm.2012.205
http://dx.doi.org/10.1016/j.nbd.2011.12.037
http://dx.doi.org/10.1007/s13311-015-0355-9
http://dx.doi.org/10.1007/s00213-013-3289-0
http://dx.doi.org/10.1007/s00213-013-3330-3
http://www.ncbi.nlm.nih.gov/pubmed/24232444
http://dx.doi.org/10.1016/j.neuron.2012.01.034
http://dx.doi.org/10.1016/j.neuron.2012.07.022
https://www.ncbi.nlm.nih.gov/pubmed/24712992
http://dx.doi.org/10.1073/pnas.1219383110
http://dx.doi.org/10.1038/npp.2015.369


Brain Sci. 2019, 9, 96 20 of 23

123. Gross, C.; Nakamoto, M.; Yao, X.; Chan, C.-B.; Yim, S.Y.; Ye, K.; Warren, S.T.; Bassell, G.J. Excess
Phosphoinositide 3-Kinase Subunit Synthesis and Activity as a Novel Therapeutic Target in Fragile X
Syndrome. J. Neurosci. 2010, 30, 10624–10638. [CrossRef]

124. Hayashi, M.L.; Rao, B.S.S.; Seo, J.-S.; Choi, H.-S.; Dolan, B.M.; Choi, S.-Y.; Chattarji, S.; Tonegawa, S.; Rao, B.S.S.
Inhibition of p21-activated kinase rescues symptoms of fragile X syndrome in mice. Proc. Natl. Acad. Sci.
USA 2007, 104, 11489–11494. [CrossRef]

125. Tian, M.; Zeng, Y.; Hu, Y.; Yuan, X.; Liu, S.; Li, J.; Lu, P.; Sun, Y.; Gao, L.; Fu, D.; et al. 7, 8-Dihydroxyflavone
induces synapse expression of AMPA GluA1 and ameliorates cognitive and spine abnormalities in a mouse
model of fragile X syndrome. Neuropharmacology 2015, 89, 43–53. [CrossRef]

126. Sawicka, K.; Pyronneau, A.; Chao, M.; Bennett, M.V.L.; Zukin, R.S. Elevated ERK/p90 ribosomal S6 kinase activity
underlies audiogenic seizure susceptibility in fragile X mice. Proc. Natl. Acad. Sci. USA 2016, 113, E6290–E6297.
[CrossRef]

127. Pasciuto, E.; Ahmed, T.; Wahle, T.; Gardoni, F.; D’Andrea, L.; Pacini, L.; Jacquemont, S.; Tassone, F.;
Balschun, D.; Dotti, C.G.; et al. Dysregulated ADAM10-Mediated Processing of APP during a Critical Time
Window Leads to Synaptic Deficits in Fragile X Syndrome. Neuron 2015, 87, 382–398. [CrossRef] [PubMed]

128. Gross, C.; Bassell, G.J. Neuron-specific regulation of class I PI3K catalytic subunits and their dysfunction in
brain disorders. Front. Neurosci. 2014, 7, 7. [CrossRef] [PubMed]

129. Gross, C.; Bassell, G.J. Excess Protein Synthesis in FXS Patient Lymphoblastoid Cells Can Be Rescued with a
p110β-Selective Inhibitor. Mol. Med. 2012, 18, 336–345. [CrossRef] [PubMed]

130. Gross, C.; Raj, N.; Molinaro, G.; Allen, A.G.; Whyte, A.J.; Gibson, J.R.; Huber, K.M.; Gourley, S.L.; Bassell, G.J.
Selective role of the catalytic PI3K subunit p110β in impaired higher-order cognition in Fragile X syndrome.
Cell Rep. 2015, 11, 681–688. [CrossRef] [PubMed]

131. Gross, C.; Chang, C.-W.; Kelly, S.M.; Bhattacharya, A.; McBride, S.M.; Danielson, S.W.; Jiang, M.Q.; Chan, C.B.;
Ye, K.; Gibson, J.R.; et al. Increased expression of the PI3K enhancer PIKE mediates deficits in synaptic
plasticity and behavior in Fragile X syndrome. Cell Rep. 2015, 11, 727–736. [CrossRef] [PubMed]

132. Klann, E.; Dever, T.E. Biochemical mechanisms for translational regulation in synaptic plasticity. Nat. Rev.
Neurosci. 2004, 5, 931–942. [CrossRef]

133. Richter, J.D.; Sonenberg, N. Regulation of cap-dependent translation by eIF4E inhibitory proteins. Nat. Cell
Boil. 2005, 433, 477–480. [CrossRef] [PubMed]

134. Brems, H.; Legius, E.; Bagni, C.; Borrie, S.C. Cognitive Dysfunctions in Intellectual Disabilities: The Contributions
of the Ras-MAPK and PI3K-AKT-mTOR Pathways. Annu. Genom. Hum. Genet. 2017, 18, 115–142.

135. Zhu, P.J.; Chen, C.-J.; Mays, J.; Stoica, L.; Costa-Mattioli, M. mTORC2, but not mTORC1, is required for
hippocampal mGluR-LTD and associated behaviors. Nat. Neurosci. 2018, 21, 799–802. [CrossRef]

136. Hoeffer, C.A.; Sanchez, E.; Hagerman, R.J.; Mu, Y.; Nguyen, D.V.; Wong, H.; Whelan, A.M.; Zukin, R.S.;
Klann, E.; Tassone, F. Altered mTOR signaling and enhanced CYFIP2 expression levels in subjects with
Fragile X syndrome. Genes Brain 2012, 11, 332–341. [CrossRef]

137. Sharma, A.; Hoeffer, C.A.; Takayasu, Y.; Miyawaki, T.; McBride, S.M.; Klann, E.; Zukin, R.S. Dysregulation of
mTOR Signaling in Fragile X Syndrome. J. Neurosci. 2010, 30, 694–702. [CrossRef]

138. Monyak, R.E.; Emerson, D.; Schoenfeld, B.P.; Zheng, X.; Chambers, D.B.; Rosenfelt, C.; Langer, S.; Hinchey, P.;
Choi, C.H.; McDonald, T.V.; et al. Insulin Signaling Misregulation Underlies Circadian and Cognitive Deficits
in a Drosophila Fragile X Model. Mol. Psychiatry 2017, 22, 1140–1148. [CrossRef]

139. Gantois, I.; Khoutorsky, A.; Popic, J.; Aguilar-Valles, A.; Freemantle, E.; Cao, R.; Sharma, V.; Pooters, T.;
Nagpal, A.; Skalecka, A.; et al. Metformin ameliorates core deficits in a mouse model of fragile X syndrome.
Nat. Med. 2017, 23, 674–677. [CrossRef]

140. Kim, S.H.; Markham, J.A.; Weiler, I.J.; Greenough, W.T. Aberrant early-phase ERK inactivation impedes
neuronal function in fragile X syndrome. Proc. Natl. Acad. Sci. USA 2008, 105, 4429–4434. [CrossRef]

141. Hou, L.; Antion, M.D.; Hu, D.; Spencer, C.M.; Paylor, R.; Klann, E. Dynamic Translational and Proteasomal
Regulation of Fragile X Mental Retardation Protein Controls mGluR-Dependent Long-Term Depression.
Neuron 2006, 51, 441–454. [CrossRef]

142. Weng, N.; Weiler, I.J.; Sumis, A.; Greenough, W.T.; Berry-Kravis, E.; Berry-Kravis, E. Early-phase ERK
activation as a biomarker for metabolic status in fragile X syndrome. Am. J. Med. Genet. Part B Neuropsychiatr.
Genet. 2008, 147, 1253–1257. [CrossRef]

http://dx.doi.org/10.1523/JNEUROSCI.0402-10.2010
http://dx.doi.org/10.1073/pnas.0705003104
http://dx.doi.org/10.1016/j.neuropharm.2014.09.006
http://dx.doi.org/10.1073/pnas.1610812113
http://dx.doi.org/10.1016/j.neuron.2015.06.032
http://www.ncbi.nlm.nih.gov/pubmed/26182420
http://dx.doi.org/10.3389/fnmol.2014.00012
http://www.ncbi.nlm.nih.gov/pubmed/24592210
http://dx.doi.org/10.2119/molmed.2011.00363
http://www.ncbi.nlm.nih.gov/pubmed/22207187
http://dx.doi.org/10.1016/j.celrep.2015.03.065
http://www.ncbi.nlm.nih.gov/pubmed/25921527
http://dx.doi.org/10.1016/j.celrep.2015.03.060
http://www.ncbi.nlm.nih.gov/pubmed/25921541
http://dx.doi.org/10.1038/nrn1557
http://dx.doi.org/10.1038/nature03205
http://www.ncbi.nlm.nih.gov/pubmed/15690031
http://dx.doi.org/10.1038/s41593-018-0156-7
http://dx.doi.org/10.1111/j.1601-183X.2012.00768.x
http://dx.doi.org/10.1523/JNEUROSCI.3696-09.2010
http://dx.doi.org/10.1038/mp.2016.51
http://dx.doi.org/10.1038/nm.4335
http://dx.doi.org/10.1073/pnas.0800257105
http://dx.doi.org/10.1016/j.neuron.2006.07.005
http://dx.doi.org/10.1002/ajmg.b.30765


Brain Sci. 2019, 9, 96 21 of 23

143. Berry-Kravis, E.; Sumis, A.; Hervey, C.; Nelson, M.; Porges, S.W.; Weng, N.; Weiler, I.J.; Greenough, W.T.
Open-Label Treatment Trial of Lithium to Target the Underlying Defect in Fragile X Syndrome. J. Dev. Behav.
Pediatr. 2008, 29, 293–302. [CrossRef]

144. Erickson, C.A.; Weng, N.; Weiler, I.J.; Greenough, W.T.; Stigler, K.A.; Wink, L.K.; McDougle, C.J. Open-label
riluzole in fragile X syndrome. Brain Res. 2011, 1380, 264–270. [CrossRef]

145. Pellerin, D.; Çaku, A.; Fradet, M.; Bouvier, P.; Dubé, J.; Corbin, F. Lovastatin corrects ERK pathway
hyperactivation in fragile X syndrome: Potential of platelet’s signaling cascades as new outcome measures
in clinical trials. Biomarkers 2016, 21, 1–12. [CrossRef]

146. Zamzow, R. Drug Duo Delivers Brain, Behavioral Benefits for Fragile X Syndrome | Spectrum | Autism Research
News. Available online: https://www.spectrumnews.org/news/drug-duo-delivers-brain-behavioral-benefits-
fragile-x-syndrome/ (accessed on 11 January 2019).

147. Reinhard, S.M.; Razak, K.; Ethell, I.M. A delicate balance: Role of MMP-9 in brain development and
pathophysiology of neurodevelopmental disorders. Front. Cell. Neurosci. 2015, 9, 280. [CrossRef]

148. Janusz, A.; Miłek, J.; Perycz, M.; Pacini, L.; Bagni, C.; Kaczmarek, L.; Dziembowska, M. The Fragile
X Mental Retardation Protein Regulates Matrix Metalloproteinase 9 mRNA at Synapses. J. Neurosci.
2013, 33, 18234–18241. [CrossRef]

149. Taylor, A.K.; Tassone, F.; Dyer, P.N.; Hersch, S.M.; Harris, J.B.; Greenough, W.T.; Hagerman, R.J. Tissue
heterogeneity of the FMR1 mutation in a high-functioning male with fragile X syndrome. Am. J. Med Genet.
1999, 84, 233–239. [CrossRef]

150. Sidhu, H.; Dansie, L.E.; Hickmott, P.W.; Ethell, D.W.; Ethell, I.M. Genetic Removal of Matrix Metalloproteinase
9 Rescues the Symptoms of Fragile X Syndrome in a Mouse Model. J. Neurosci. 2014, 34, 9867–9879. [CrossRef]

151. Lovelace, J.W.; Wen, T.H.; Reinhard, S.; Hsu, M.S.; Sidhu, H.; Ethell, I.M.; Binder, D.K.; Razak, K.A. Matrix
metalloproteinase-9 deletion rescues auditory evoked potential habituation deficit in a mouse model of
Fragile X Syndrome. Neurobiol. Dis. 2016, 89, 126–135. [CrossRef]

152. Bilousova, T.V.; Dansie, L.; Ngo, M.; Aye, J.; Charles, J.R.; Ethell, D.W.; Ethell, I.M. Minocycline Promotes
Dendritic Spine Maturation and Improves Behavioural Performance in the Fragile X Mouse Model. J. Med.
Genet. 2009, 46, 94–102. [CrossRef]

153. Utari, A.; Chonchaiya, W.; Rivera, S.M.; Schneider, A.; Hagerman, R.J.; Faradz, S.M.H.; Ethell, I.M.;
Nguyen, D.V. Side Effects of Minocycline Treatment in Patients with Fragile X Syndrome and Exploration of
Outcome Measures. Am. J. Intellect. Dev. Disabil. 2010, 115, 433–443. [CrossRef]

154. Paribello, C.; Tao, L.; Folino, A.; Berry-Kravis, E.; Tranfaglia, M.; Ethell, I.M.; Ethell, D.W. Open-label add-on
treatment trial of minocycline in fragile X syndrome. BMC Neurol. 2010, 10, 91. [CrossRef]

155. Leigh, M.J.S.; Nguyen, D.V.; Mu, Y.; Winarni, T.I.; Schneider, A.; Chechi, T.; Polussa, J.; Doucet, P.; Tassone, F.;
Rivera, S.M.; et al. A Randomized Double-Blind, Placebo-Controlled Trial of Minocycline in Children and
Adolescents with Fragile X Syndrome. J. Dev. Behav. Pediatr. 2013, 34, 147–155. [CrossRef]

156. Dziembowska, M.; Pretto, D.I.; Janusz, A.; Kaczmarek, L.; Leigh, M.J.; Gabriel, N.; Durbin-Johnson, B.;
Hagerman, R.J.; Tassone, F. High MMP-9 activity levels in fragile X syndrome are lowered by minocycline.
Am. J. Med. Genet. Part A 2013, 161, 1897–1903. [CrossRef]

157. AlOlaby, R.R.; Sweha, S.R.; Silva, M.; Durbin-Johnson, B.; Yrigollen, C.M.; Pretto, D.; Hagerman, R.J.;
Tassone, F. Molecular biomarkers predictive of sertraline treatment response in young children with fragile X
syndrome. Brain Dev. 2017, 39, 483–492. [CrossRef]

158. Kim, S.W.; Cho, K.J. Activity-dependent alterations in the sensitivity to BDNF-TrkB signaling may promote
excessive dendritic arborization and spinogenesis in fragile X syndrome in order to compensate for
compromised postsynaptic activity. Med Hypotheses 2014, 83, 429–435. [CrossRef]

159. Louhivuori, V.; Vicario, A.; Uutela, M.; Rantamäki, T.; Louhivuori, L.M.; Castrén, E.; Tongiorgi, E.;
Åkerman, K.E.; Castrén, M.L. BDNF and TrkB in neuronal differentiation of Fmr1-knockout mouse.
Neurobiol. Dis. 2011, 41, 469–480. [CrossRef]

160. Uutela, M.; Lindholm, J.; Louhivuori, V.; Wei, H.; Louhivuori, L.M.; Pertovaara, A.; Akerman, K.; Castrén, E.;
Castrén, M.L. Reduction of BDNF expression in Fmr1 knockout mice worsens cognitive deficits but improves
hyperactivity and sensorimotor deficits. Genes Brain 2012, 11, 513–523. [CrossRef]

161. Castrén, M.L.; Castrén, E. BDNF in Fragile X Syndrome. Neuropharmacology 2014, 76, 729–736. [CrossRef]
162. Louhivuori, V.; Arvio, M.; Soronen, P.; Oksanen, V.; Paunio, T.; Castrén, M.L. The Val66Met polymorphism in

the BDNF gene is associated with epilepsy in fragile X syndrome. Epilepsy Res. 2009, 85, 114–117. [CrossRef]

http://dx.doi.org/10.1097/DBP.0b013e31817dc447
http://dx.doi.org/10.1016/j.brainres.2010.10.108
http://dx.doi.org/10.3109/1354750X.2016.1160289
https://www.spectrumnews.org/news/drug-duo-delivers-brain-behavioral-benefits-fragile-x-syndrome/
https://www.spectrumnews.org/news/drug-duo-delivers-brain-behavioral-benefits-fragile-x-syndrome/
http://dx.doi.org/10.3389/fncel.2015.00280
http://dx.doi.org/10.1523/JNEUROSCI.2207-13.2013
http://dx.doi.org/10.1002/(SICI)1096-8628(19990528)84:3&lt;233::AID-AJMG14&gt;3.0.CO;2-6
http://dx.doi.org/10.1523/JNEUROSCI.1162-14.2014
http://dx.doi.org/10.1016/j.nbd.2016.02.002
http://dx.doi.org/10.1136/jmg.2008.061796
http://dx.doi.org/10.1352/1944-7558-115.5.433
http://dx.doi.org/10.1186/1471-2377-10-91
http://dx.doi.org/10.1097/DBP.0b013e318287cd17
http://dx.doi.org/10.1002/ajmg.a.36023
http://dx.doi.org/10.1016/j.braindev.2017.01.012
http://dx.doi.org/10.1016/j.mehy.2014.07.007
http://dx.doi.org/10.1016/j.nbd.2010.10.018
http://dx.doi.org/10.1111/j.1601-183X.2012.00784.x
http://dx.doi.org/10.1016/j.neuropharm.2013.05.018
http://dx.doi.org/10.1016/j.eplepsyres.2009.01.005


Brain Sci. 2019, 9, 96 22 of 23

163. Westmark, C.J.; Westmark, P.R.; O’Riordan, K.J.; Ray, B.C.; Hervey, C.M.; Salamat, M.S.; Abozeid, S.H.;
Stein, K.M.; Stodola, L.A.; Tranfaglia, M.; et al. Reversal of Fragile X Phenotypes by Manipulation of
AβPP/Aβ Levels in Fmr1 KO Mice. PLoS ONE 2011, 6, e26549. [CrossRef]

164. Erickson, C.A.; Ray, B.; Maloney, B.; Wink, L.K.; Bowers, K.; Schaefer, T.L.; McDougle, C.J.; Sokol, D.K.;
Lahiri, D.K. Impact of Acamprosate on Plasma Amyloid-β Precursor Protein in Youth: A Pilot Analysis in
Fragile X Syndrome-Associated and Idiopathic Autism Spectrum Disorder Suggests a Pharmacodynamic
Protein Marker. J. Psychiatr. 2014, 59, 220–228. [CrossRef]

165. Lee, H.Y.; Jan, L.Y. Fragile X syndrome: Mechanistic insights and therapeutic avenues regarding the role of
potassium channels. Curr. Opin. Neurobiol. 2012, 22, 887–894. [CrossRef]

166. Ferron, L.; Nieto-Rostro, M.; Cassidy, J.S.; Dolphin, A.C. Fragile X mental retardation protein controls synaptic
vesicle exocytosis by modulating N-type calcium channel density. Nat. Commun. 2014, 5, 3628. [CrossRef]

167. Castagnola, S.; Delhaye, S.; Folci, A.; Paquet, A.; Brau, F.; Duprat, F.; Jarjat, M.; Grossi, M.; Béal, M.; Martin, S.;
et al. New Insights Into the Role of Cav2 Protein Family in Calcium Flux Deregulation in Fmr1-KO Neurons.
Front. Mol. Neurosci. 2018, 11, 11. [CrossRef]

168. Castaño, Z.; Gordon-Weeks, P.R.; Kypta, R.M.; Gordon-Weeks, P.R.; Gordon-Weeks, P.R. The neuron-specific
isoform of glycogen synthase kinase-3β is required for axon growth. J. Neurochem. 2010, 113, 117–130.
[CrossRef]

169. Min, W.W.; Yuskaitis, C.J.; Yan, Q.; Sikorski, C.; Chen, S.; Jope, R.S.; Bauchwitz, R.P. Elevated Glycogen
Synthase Kinase-3 Activity in Fragile X Mice: Key Metabolic Regulator with Evidence for Treatment Potential.
Neuropharmacology 2009, 56, 463–472. [CrossRef]

170. Portis, S.; Giunta, B.; Obregon, D.; Tan, J. The role of glycogen synthase kinase-3 signaling in neurodevelopment
and fragile X syndrome. Int. J. Physiol. Pathophysiol. Pharmacol. 2012, 4, 140–148.

171. Yuskaitis, C.J.; Mines, M.A.; King, M.K.; Sweatt, J.D.; Miller, C.A.; Jope, R.S. Lithium ameliorates altered
glycogen synthase kinase-3 and behavior in a mouse model of Fragile X syndrome. Biochem. Pharmacol.
2010, 79, 632–646. [CrossRef]

172. Mines, M.A.; Yuskaitis, C.J.; King, M.K.; Beurel, E.; Jope, R.S. GSK3 Influences Social Preference and
Anxiety-Related Behaviors during Social Interaction in a Mouse Model of Fragile X Syndrome and Autism.
PLoS ONE 2010, 5, e9706. [CrossRef]

173. Guo, W.; Murthy, A.C.; Zhang, L.; Johnson, E.B.; Schaller, E.G.; Allan, A.M.; Zhao, X. Inhibition of GSK3β
improves hippocampus-dependent learning and rescues neurogenesis in a mouse model of fragile X
syndrome. Hum. Mol. Genet. 2011, 21, 681–691. [CrossRef]

174. Franklin, A.V.; King, M.K.; Palomo, V.; Martinez, A.; McMahon, L.L.; Jope, R.S. Glycogen Synthase Kinase-3
Inhibitors Reverse Deficits in Long-Term Potentiation and Cognition in Fragile X Mice. Biol. Psychiatry
2014, 75, 198–206. [CrossRef]

175. Yuskaitis, C.J.; Beurel, E.; Jope, R.S. Evidence of Reactive Astrocytes but Not Peripheral Immune System
Activation in a Mouse Model of Fragile X Syndrome. Biochim. Biophys. Acta. 2010, 1802, 1006–1012.
[CrossRef]

176. Mines, M.A.; Jope, R.S.; Mines, M.M. Glycogen Synthase Kinase-3: A Promising Therapeutic Target for
Fragile X Syndrome. Front. Neurosci. 2011, 4, 35. [CrossRef]

177. Goebel-Goody, S.M.; Lombroso, P.J. Taking STEPs Forward to Understand Fragile X Syndrome. Results Probl.
Cell Differ. 2012, 54, 223–241.

178. Goebel-Goody, S.M.; Baum, M.; Paspalas, C.D.; Fernandez, S.M.; Carty, N.C.; Kurup, P.; Lombroso, P.J.
Therapeutic Implications for Striatal-Enriched Protein Tyrosine Phosphatase (STEP) in Neuropsychiatric
Disorders. Pharmacol. Rev. 2012, 64, 65–87. [CrossRef]

179. Johnson, M.A.; Lombroso, P.J. A Common STEP in the Synaptic Pathology of Diverse Neuropsychiatric
Disorders. Yale J. Boil. Med. 2012, 85, 481–490.

180. Darnell, J.C.; Van Driesche, S.J.; Zhang, C.; Hung, K.Y.S.; Mele, A.; Fraser, C.E.; Stone, E.F.; Chen, C.; Fak, J.J.;
Chi, S.W.; et al. FMRP stalls ribosomal translocation on mRNAs linked to synaptic function and autism. Cell
2011, 146, 247–261. [CrossRef] [PubMed]

181. Royston, S.; Tagliatela, S.M.; Naegele, J.R.; Lombroso, P.J.; Tagliatela, S.; Goebel-Goody, S.M.; Wilson-Wallis, E.D.;
Goebel-Goody, S.M.; Wilson-Wallis, E.D.; Goebel-Goody, S.M.; et al. Genetic manipulation of STEP reverses
behavioral abnormalities in a fragile X syndrome mouse model. Genes Brain 2012, 11, 586–600.

http://dx.doi.org/10.1371/journal.pone.0026549
http://dx.doi.org/10.1016/j.jpsychires.2014.07.011
http://dx.doi.org/10.1016/j.conb.2012.03.010
http://dx.doi.org/10.1038/ncomms4628
http://dx.doi.org/10.3389/fnmol.2018.00342
http://dx.doi.org/10.1111/j.1471-4159.2010.06581.x
http://dx.doi.org/10.1016/j.neuropharm.2008.09.017
http://dx.doi.org/10.1016/j.bcp.2009.09.023
http://dx.doi.org/10.1371/journal.pone.0009706
http://dx.doi.org/10.1093/hmg/ddr501
http://dx.doi.org/10.1016/j.biopsych.2013.08.003
http://dx.doi.org/10.1016/j.bbadis.2010.06.015
http://dx.doi.org/10.3389/fnmol.2011.00035
http://dx.doi.org/10.1124/pr.110.003053
http://dx.doi.org/10.1016/j.cell.2011.06.013
http://www.ncbi.nlm.nih.gov/pubmed/21784246


Brain Sci. 2019, 9, 96 23 of 23

182. Xu, J.; Chatterjee, M.; Baguley, T.D.; Brouillette, J.; Kurup, P.; Ghosh, D.; Kanyo, J.; Zhang, Y.; Seyb, K.;
Ononenyi, C.; et al. Inhibitor of the Tyrosine Phosphatase STEP Reverses Cognitive Deficits in a Mouse
Model of Alzheimer’s Disease. PLoS Biol. 2014, 12, e1001923. [CrossRef]

183. Chatterjee, M.; Kurup, P.K.; Lundbye, C.J.; Hugger Toft, A.K.; Kwon, J.; Benedict, J.; Kamceva, M.; Banke, T.G.;
Lombroso, P.J. STEP Inhibition Reverses Behavioral, Electrophysiologic, and Synaptic Abnormalities in Fmr1
KO Mice. Neuropharmacology 2018, 128, 43–53. [CrossRef]

184. Ashwood, P.; Nguyen, D.V.; Hessl, D.; Hagerman, R.J.; Tassone, F. Plasma Cytokine Profiles in Fragile X
Subjects: Is There a Role for Cytokines in the Pathogenesis? Brain Behav. Immun. 2010, 24, 898–902. [CrossRef]
[PubMed]

185. Tabet, R.; Moutin, E.; Becker, J.A.J.; Heintz, D.; Fouillen, L.; Flatter, E.; Krężel, W.; Alunni, V.; Koebel, P.;
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